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FOREWORD 


This  is  the  final  report  documenting  the  technical  accomplishments  of 
the  ARES  (Advanced  Rocket  Engine  Storable)  Throttling-Scaling  Design  Study 
Program  under  Contract  F04611-68-C-G008.  Included  also  in  this  report  are  the 
results  of  an  Aerojet-General  Corporation-sponsored  design  of  a  throttlable- 
restartable  100K  ARES  engine  which  was  used  as  the  baseline  engine  for  this 
design  study.  The  period  of  performance  covered  by  this  report  is  from 
10  July  1967  through  10  October  1967. 

The  throttling  and  scaling  study  was  conducted  by  the  Advanced  Systems 
Division  of  the  Liquid  Rocket  Operations,  Aerojet-General  Corporation, 
Sacramento,  California  under  the  direction  of  Mr.  R.  Beichel.  Technical  and 
managerial  control  was  provided  by  Mr.  J.  A.  Gibb.  Mr.  S.  R.  Andrus  was  the 
project  engineer. 

This  report  contains  classified  information  extracted  from  the  ARES 
Final  Report,  Phase  I,  AFRPL-TR-67-75  dated  August  1967,  Confidential,  Group  4, 
Contract  AF  04(611) -10830. 

This  report  was  prepared  in  two  separate  parts.  Part  1  contains  the 
technical  accomplishments  while  Part  2  (Appendix  I)  contains  ARES  Thrust 
Scaling  Data. 

This  technical  report  has  been  reviewed  and  is  approved. 


C.  D.  Penn 

Program  Manager,  Liquid  Rocket  Division, 
Air  Force  Rocket  Propulsion  Laboratory 
Edwards,  California 
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UNCLASSIFIED  ABSTRACT 


(U)  This  is  the  final  report  documenting  the  technical  accomplishments  of 
the  ARES  (Advanced  Rocket  Engine  Storable)  Throttling  and  Scaling  Study 
Program  aider  Contract  F04611-68-C-0008.  Included  also  in  this  report  are  the 
results  of  an  Aerojet-General  Corporation-sponsored  design  of  a  throttlable- 
restartable  100K  ARES  engine  which  was  used  as  the  baseline  engine  for  this 
design  study. 

(U)  Throttlable,  restartable  ARES  (Advanced  Rocket  Engine  Storable)  engine 
designs  are  presented  at  25,000,  100,000,  and  500,000  lb  rated  thrust  levels. 
On  the  basis  of  these  designs,  engine  thrust  scaling  parametric  data  are 
presented  over  a  thrust  range  of  25,000  to  500,000  lb  with  nozzle  expansion 
ratios  of  50:1  and  150:1. 
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I. 

IHTRQDOCTIOH 

(U)  This  report  documents  the  technical  accomplishments  of  the  ARES  (Advanced 
Rocket  Engine  Storable)  Throttling-Scaling  Design  Study  Program,  Contract 
F04611-68-C-0008 ,  froa  10  July  1967  through  10  October  1967.  A  design  for  a 
100K  throttlable-restartable  ARES  prepared  under  an  Aero j et -General-sponsored 
program  was  used  as  the  base-line  engine  design  for  this  design  study.  This 
throttlable  engine  design  was  evolved  froa  the  ARES  fixed-thrust  engine,  designed 
under  Contract  AF  04(611) -10830,  reported  in  Reference  1,  and  described  at  the 
end  of  this  section. 


(U)  The  program  had  five  basic  objectives  (Tasks)  as  listed  and  described: 


Task  1 — Integrated  Auxiliary  Power  Package 


(U)  Prepare  layout  designs  of  an  Integrated  Auxiliary  Power  Package  (IAPP). 
The  IAPP  shall  include  engine  roll  control,  gimbal  actuator  for  thrust  vector 
control,  and  propellant  tank  pressurization  systems  for  the  base-line  100K  ARES. 


Task  II — Low  Frequency  Analysis 


(U)  Ascertain  the  suitability  of  the  base-line  100K  throttlable  ARES  to 
operate  at  discrete  throttling  points  and  identify  system  changes  to  establish 
satisfactory  operation. 


Task  III — Design  25K  Thrust  Engine 


(U)  Establish  the  thrust  chamber  operating  pressure  value  and  prepare  a  lay¬ 
out  design  of  a  throttlable-restartable  25K  engine  based  on  the  established 
thrust  chamber  pressure  and  on  the  100K  base-line  engine  cycle,  component  design, 
and  control  approaches. 
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Task  IV — Design  50 OK  Thrust  Engine 

(U)  Prepare  a  layout  design  of  a  throttlable-restartable  500K  engine  based 
on  the  100K  base-line  engine  cycle,  component  design,  and  control  approaches. 

Task  V — Engine  Thrust  Scaling 

(U)  Establish  engine  thrust  scaling  parametric  data  over  a  thrust  range  of 
25K  to  500K  using  design  data  from  the  100K  base-line  engine  and  from  the  25K 
and  500K  engine  designs  generated  from  Tasks  III  and  IV. 

(0)  The  fixed-thrust  ARES  engine  from  Contract  AF  04 (611) -10830,  from  which 
the  throttlable  base-line  engine  for  this  contract  (F04611-68-C-0008)  was 
derived,  is  described  briefly  below  to  properly  orient  the  reader  to  the  evolu¬ 
tionary  process  leading  into  this  report. 

(C)  The  fixed-thrust  ARES  engine  is  turbopump  fed,  using  a  staged  combustion 
cycle,  and  operates  at  high  thrust  chamber  pressure  (2800  psia) .  In  this  staged 
combustion  cycle,  the  turbopump  turbine  is  driven  by  oxidizer-rich  gas  consist¬ 
ing  of  nearly  all  of  the  oxidizer  (^0^)  and  sufficient  fuel  (AeroZINE  50)  to 
raise  the  temperature  of  the  mixture  to  1200#r.  The  turbine  then  exhausts 
through  the  seconuary  injector  into  the  thrust  chamber  where  this  gas  is  used  to 
burn  the  remaining  engine  fuel  to  create  a  maximum  energy  gas.  Pump  discharge 
pressures  are  approximately  6000  psia  and  the  primary  combustor  operates  at  a 
pressure  of  4700  psia. 

(U)  This  engine,  shown  in  Figure  1-1,  consists  of  a  turbopump  assembly, 
primary  combustor  assembly,  secondary  combustor  (thrust  chamber)  assembly, 
suction  valves,  and  engine  control  valves.  The  turbopump  assembly  houses  the 
pumps,  the  turbine,  and  the  primary  combustor  assembly  and  is  the  main  struc¬ 
tural  component  of  the  engine. 
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(U)  The  turbopasp  is  located  os  top  of  the  thrust  c hasher;  engine  thrust  is 
transmitted  through  the  turbopuap  housing  to  the  airfraae.  The  single-stage 
turbine,  oxidizer  puap  and  fuel  puep  are  all  attached  to  a  single  shaft,  which 
is  oriented  along  the  engine  thrust  axis  and  supported  in  the  housing  by 
propellant-lubricated  bearings.  Rotating  speed  is  30,000  rpa.  Propellants 
enter  the  main  pusps  through  inlets  located  on  the  side  of  the  turbopuap. 
Hydraulically  driven  boost  puaps  (not  shown),  driven  by  propellant  recirculated 
from  the  main  puap  discharge,  are  attached  to  the  bottom  of  the  propellant  tanks. 
Suction  valves,  which  are  used  to  isolate  the  engine  froa  the  propellants  during 
storage,  are  attached  to  the  inlets  of  the  main  pimps. 

(U)  The  primary  combustor,  also  located  within  the  TPA  housing,  utilizes  an 
annular  180-element  pentad  injector.  The  primary  combustor  fuel  control  valve 
is  mounted  at  the  inlet  to  the  primary  injector  fuel  manifold. 

(U)  The  thrust  chamber  is  regeneratively  cooled  with  from  the  injector 

face  to  the  design  area  ratio  of  20:1.  N20^  film  cooling  is  used  in  the  cylin¬ 

drical  and  converging  section  of  the  thrust  chamber  to  control  the  wall  surface 
temperature. 

(U)  The  secondary  injector  is  sandwiched  between  the  turbopump  and  the  thrust 
chamber;  the  secondary  combustor  fuel  control  valve  is  located  at  the  inlet  to 
the  secondary  injector  fuel  manifold. 
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II. 

SUMMARY 


(U)  All  objectives  of  the  program  were  accomplished  and  are  summarized  in 
the  following  paragraphs  of  this  section  and  are  described  in  detail  in  their 
respective  sections.  In  addition  to  specific  contract  objectives,  improve¬ 
ments  were  made  to  the  100K  base-line  engine  based  on  test  results  from  ARES 
thrust  chamber  testing  under  Contract  AF  04 (611) -10830.  The  updated  configu¬ 
ration  of  this  100K  base-line  engine  is  described  in  Section  III. 

Task  I — Integrated  Auxiliary  Power  Package  (IAPP) 

(U)  Functional  requirements  of  an  IAPP  including  roll  control,  thrust 

vector  control,  and  propellant  tank  pressurization  were  surveyed  for  Titan, 
Apollo  Service  Module,  and  Trans tage  engines.  From  these  requirements, 
requirements  were  established  for  the  100K  base-line  engine.  Approaches  to 
achieving  the  required  IAPP  were  evaluated  and  a  system  concept  was  selected 
which  offered  the  greatest  compatibility  with  an  engine-vehicle  system  that 
has  the  requirement  of  being  throttlable  and  restartable.  The  selected  con¬ 
cept  includes  bipropellant  small  thrustors  for  roll  control  and  propellant 
settling  rockets,  high  pressure  fuel-actuated  (fuel  from  engine)  gimbal 
actuators  for  thrust  vector  control,  and  main  tank  injection  for  tank  pres¬ 
surization.  Detail  description  of  the  IAPP  system  and  subsystems  is  presented 
in  Section  IV  of  this  report. 

Task  II — Low  Frequency  Analysis 

(U)  The  cycle  stability  of  the  ARES  100K  base-line  engine  incorporating 

both  turbulent  and  laminar  injectors  was  analyzed.  The  results  indicated  a 
general  destabilization  as  the  engine  is  throttled  and  becoming  unstable  at 
thrust  levels  between  15  to  20%  of  full  thrust.  Cycle  stability  at  the  low 
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II,  Summary  (coat.) 

thrust  level  can  be  achieved  by  adjusting  the  slope  of  the  oxidizer  pump 
characteristics  head-capacity  curve  and  increasing. oxidizer  injector  pressure 
drop  values.  Detail  description  of  the  law  frequency  analysis  is  presented 
in  Section  V  of  this  report. 

Task  III — Design  25K  Thrust  Engine 

(U)  Thrust  chamber  pressure  value  was  established  based  on  engine 

performance  and  payload  considerations  for  a  space  vehicle.  Results  of  this 
analysis  indicated  that  the  operating  chamber  pressure  value  of  the  base-line 
100K  engine  is  optimum  for  the  25K  engine.  On  the  basis  of  this  established 
pressure,  and  the  100K  base-line  engine,  a  25K  engine  design  was  prepared. 

The  engine  design  included  an  engine  layout,  engine  envelope,  predicted  per¬ 
formance  and  an  estimated  weight  breakdown  by  major  components.  Detail 
description  of  the  25K  engine  design  is  presented  in  Section  VI  of  this  report. 

Task  IV — Design  500K  Thrust  Engine 

(U)  A  500K  engine  design  was  prepared  on  the  basis  of  the  100K  base¬ 

line  engine  which  includes  an  engine  layout,  engine  envelope,  predicted 
performance  and  an  estimated  weight  breakdown  by  major  components.  A  detail 
description  of  the  500K  engine  is  presented  in  Section  VII  of  this  report. 

Task  V — Engine  Thrust  Scaling 

(U)  Engine  thrust  scaling  data  were  established  over  a  thrust  range 

of  25K  to  500K.  Scaling  data  were  based  on  the  calculated  performance, 
envelope,  and  weight  values  generated  from  the  100K  base-line  engine  and  the 
25K  and  50CIK.  engines  designed  in  this  program.  Estimated  development  and 
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production  cost  data  based  on  1967  dollars  are  also  given.  The  technical 
approach  to  compiling  the  thrust  scaling  data  is  presented  in  Section  VIII 
of  this  report.  Thrust  scaling  data  are  presented  in  Part  2  of  this  report 
as  Appendix  I. 
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100K  THROTTLABLE-RESTARTABLE  BASE-LINE  ENGINE 


A.  GENERAL 

(U)  The  throttlable  and  restartable  ARES  engine,  which  is  the  base-line 

engine  for  this  throttling  and  scaling  study,  is  described  below.  The  changes, 
incorporated  to  convert  the  ARES  fixed-thrust  engine  to  this  throttlable- 
restartable  base-line  engine,  are  also  described. 

B.  DESCRIPTION 

1.  Performance  Rating 

(C)  The  throttlable-restartable  ARES  base-line  engine  utilizes 

the  same  staged  combustion  cycle  with  an  oxidizer-rich  primary  combustor  as  did 
the  fixed-thrust  engine.  The  design  performance  ratings  of  the  fixed-thrust 
and  throttlable  ARES  engines  are  tabulated  below. 


ARES  Fixed-Thrust 

Engine,  Contract  ARES  Throttlable 

AF  04(611)-10830  Engine 


Thrust,  lbf 

Specific  impulse,  predicted,  sec 
Specific  impulse,  efficiency,  % 
Nozzle  area  expansion  (80%  bell) 

Propellants 

Chamber  pressure,  psia 
Mixture  ratio,  Injector 
NPSH,  fuel,  ft 
NPSH,  oxidizer,  ft 


Sea  Level 

100,000 

285 

91.7 

20:1 


Vacuum 

111,066 

316.5 

91.7 

50:1 


Sea  Level 

95,500 

271.8 

91.7 

50:1 


N204/AeroZINE  50 

2800 

2.2 

20 

20 
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(U)  The  basic  change  in  performance  rating  of  the  throttlable 

engine  compared  to  the  original  fixed-thrust  engine  resulted  from  the  increased 

nozzle  expansion  ratio.  The  I  efficiency  (percent  of  theoretical)  and  chamber 

s 

pressure  remained  the  same.  The  engine  basic  flows  were  not  changed,  since 
the  nominal  chamber  throat  area  (21.35  sq  In.)  was  retained. 

2.  Throttling  Design  Changes 

(U)  The  Phase  I  ARES  engine  undergoing  component  testing  under 

Contract  AF  04(611)-10830  was  designed  to  achieve- specified  performance  at 
full  thrust.  As  designed,  the  engine  could  be  throttled  to  80%  of  full  thrust 
while  maintaining  constant  engine  mixture  ratio  by  adjusting  the  primary  and 
secondary  combustor  fuel-control  valves.  As  part  of  an  Aero j et-General-sponsored 
design  study  effort,  system  changes  were  defined  that  would  provide  the  engine 
with  10:1  throttling  and  restart  capability.  The  engine  system  requirements 
to  evolve  throttlable-restartable  engines  and  the  physical  and  functional 
changes  to  accomplish  these  requirements  are  shown  in  Table  III-I.  It  can  be 
seen  from  this  table  that  the  major  changes  to  make  the  fixed-thrust  engine 
throttlable  were  the  inclusion  of  throttlable  thrust  chamber  components  and 
the  increase  of  the  first-stage  fuel  pump  discharge  pressure.  The  first-stage 
fuel  pump  discharge  pressure  selected  permits  throttling  at  fixed-engine  mixture 
ratio  by  use  of  the  primary  combustor  fuel  control  valve  only.  A  HIPERTHIN* 
primary  injector  was  incorporated  because  10:1  throttling  has  been  demonstrated 
on  this  type  of  injector.  The  transpiration-cooled  chamber  was  incorporated 
because  this  chamber  was  selected  over  the  regeneratively  cooled  chamber  in 
the  ARES  test  program.  The  transpiration-cooled  chamber  is  also  better  adaptable 
to  throttling  than  the  regeneratively  cooled  chamber.  The  suction  valves  were 
moved  upstream  of  the  boost  pumps  to  provide  more  positive  r.hutoff  for  space 
coast  periods.  All  other  desirable  features  of  the  fixed-thrust  ARES  were 
retained. 


*Aerojei  General  designation  denoting  High  Performance  Throttlable  Injector. 
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3.  Layout  Design 

(U)  A  layout  design  of  the  100K  throttlable  ARES  in  shown  in 

Figure  III-l.  The  engine  consists  of  a  turbopump  assembly,  primary  combustor 
assembly,  secondary  combustor  (thrust  chamber)  assembly,  fuel  and  oxidizer 
suction  valves,  and  boost  pumps.  The  turbopump  assembly  includes  the  main 
pumps,  the  turbine,  the  primary  injector  and  combustor  assembly,  and  the  primary 
combustor  fuel  control  valve,  and  forms  the  central  structure  of  the  module. 

The  turbopump  is  mounted  on  top  of  the  thrust  chamber  assembly,  with  thrust 
being  transmitted  through  the  turbopump  housing  to  the  gimbal  and  airframe. 

The  thrust  chamber  assembly  includes  the  comb  istion  chamber,  nozzle,  secondary 
injector,  and  the  secondary  combustor  fuel  control  valve.  The  entire  engine 
is  gimbaled  from  a  gimbal  assembly  which  is  attached  to  the  engine's  thrust 
takeout  pad. 

(U)  The  turbine,  oxidizer  pump,  and  fuel  pump  are  on  a  single 

shaft  which  is  in  line  with  the  engine  thrust  axis  and  is  supported  n  the 
housing  by  propellant-lubricated  bearings.  The  single-stage  turbine  is  on  the 
lower  end  of  the  shaft  and  exhausts  directly  into  the  thrust  chamber.  The 
single-stage  oxidizer  pump  is  on  the  center  of  the  shaft,  with  the  two-stage 
fuel  pump  on  the  top  end  of  the  shaft.  An  interpropellant  seal  is  located 
between  the  suction  sides  of  the  oxidizer  pump  and  first-stage  fuel  pump  to 
separate  the  propellants.  The  seal  includes  provisions  for  the  introduction 
of  an  inert  purge  fluid  if  needed.  Fuel  and  oxidizer  enter  the  engine  through 
vertical  inlets  on  each  side  of  the  turbopump.  In  each  suction  inlet,  a 
hydraulically  driven  boost  pump  is  mounted  with  its  shaft  horizontal.  A 
suction  prevalve  is  integrated  upstream  of  each  boost  pump. 

(U)  The  primary  combustor  uses  a  radial  inflow  HIPERTHIN  injector 

consisting  of  a  stack  of  thin  platelet  washers,  with  fuel  and  oxidizer  fed 
between  and  metered  by  axternate  washers.  HIPERTHIN  injectors  of  radial  inflow 


Page  III-3 

CONFIDENTIAL 

(This  page  is  Unclassified) 


CONFIDENTIAL 

Report  68-C-0008-F,  Part  1 


III,  B,  Description  (cont.) 

and  axial  flow  configurations  have  been  tested.  The  axial  flow  type  has 
demonstrated  high  performance  with  low  L*  chamber  (15  in.)  and  has  been 
throttled  at  constant  mixture  ratio  over  a  10:1  thrust  range.  The  results  of 
a  test  series  to  evaluate  throttlability  of  this  injector  are  shown  in 
Figure  III-2. 

(C)  The  platelet  injector  concept  currently  being  tested  on  the 

ARES  TOOK  program  was  selected  for  the  secondary  combustor  and  is  shown  in 
Figure  III-3.  The  fuel  is  introduced  through  platelets  fabricated  from  pairs 
of  photoetched  plates;  the  oxidizer-rich  turbine  exhaust  gas  passes  between  the 
platelets.  Injector  parameters  for  the  100K  design  are  as  follows: 


wp,  lb/sec 

84.1 

Injector  blade  length,  total,  in. 

240.0 

w,.,/blade  length,  lb/sec/in. 
r 

0.35 

w  injector,  lb/sec 

gas  2 

248.0 

Net  gas  area,  in. 

42.5 

2 

Average  gas  flow,  lb/sec/in. 

5.84 

2 

Gross  area,  in. 

72.5  (ref) 

2 

Blade  area,  total,  in. 

30.0  (ref) 

(U)  The  secondary  combustor,  or  thrust  chamber,  shown  in  Figure  III-l, 

is  transpiration-cooled  to  the  throat  and  downstream  to  the  point  where  static 
pressure  is  30  psia;  from  that  point  an  extension  nozzle  is  cooled  by  the 
coolant-carryover  boundary  layer  and  radiation.  The  basis  for  selecting 
30-psia  pressure  for  the  interface  between  the  transpiration-cooled  chamber 
and  the  nozzle  extension  is  described  in  Section  VI, B.  The  trar  piration- 
cooled  thrust  chamber  uses  platelet  washers  for  metering  the  required  amounts 
of  oxidizer  int<  the  thrust  chamber  wall.  Experimental  configurations  of  the 
platelet  injector  and  the  transpiration-cooled  chamber  are  currently  being 
tested  at  100K  thrust  under  ARES  Contract  AF  04(611)-10830.  The  no  zJLe 
extension  is  similar  in  design  to  the  nozzle  on  the  Apollo  service  module  engine, 
which  is  shown  in  Figure  III-4. 
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(D)  All  of  the  engine's  key  load-carrying  strurtnral  parts  are 

cooled  by  the  liquid  propellants  flowing  through  the  structure.  The  warn 
internal  components  and  hot  gas  (1200*F)  are  therm*  ^ly  isolated  from  the 
structural  portion  of  the  housing  by  the  high  to'  use  oxidizer  flow.  The  fuel 
pump  circuits  are  isolated  from  hot  parts;  this  eliminates  heat  soak-back  to 
these  components  on  shutdown. 

(U)  An  external  envelope  drawing  of  the  engine  is  shown  in 

Figure  XII-5.  The  integrated  auxiliary  power  package  (IAPP)  shown  in  this 
figure  is  discussed  in  Section  IV. 

(U)  A  list  showing  the  parts  breakdown  and  materials  considered 

for  this  engine  design  is  shown  in  Table  III-II.  Included  in  this  table  are 
component  environmental  temperature  values  and  the  type  of  fluid  exposure. 

4.  Cycle 

(C)  The  ARES  engine  staged-combustion  cycle  with  its  oxidizer-rich 

primary  combustor  can  best  be  described  with  the  use  of  the  schematic  in 
Figure  III-6.  Propellants  enter  the  engine  through  the  suction  valves,  and 
are  pumped  by  the  8000-rpm  boost  pumps  to  a  pressure  of  85  psia  and  160  psia, 
fuel  and  oxidizer,  respectively,  which  is  required  for  the  30,000-rpm  main 
pumps.  All  of  the  oxidizer  (^0^)  is  then  pumped  to  4960  psia  in  the  main 
oxidizer  pump  with  most  of  it  continuing  to  the  primary  combustor  injector  and 
the  remainder  flowing  to  three  low-flow  circuits.  All  of  the  fuel  is  pumped 
to  5050  psia  in  the  first-stage  fuel  pump.  Twenty  percent  of  the  engine  fuel 
then  enters  the  second-stage  fuel  pump  where  it  is  pumped  to  5550  psia  and 
passes  through  the  primary  combustor  fuel  control  valve  to  the  primary  injector. 
The  oxidizer  and  fuel  enter  the  primary  combustor  where  they  combine  hypergol- 
ically  to  form  a  1185°F  hot  gas.  This  oxidizer-rich  hot  gas  passes  through 
the  turbine,  and  then  is  exhausted  into  the  thrust  chamber.  The  major  portio 
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of  the  fuel  flow  froa  the  first-stage  puap  is  ducted  through  the  secondary 
coabustor  fuel  control  valve  to  the  aain  injector  where  it  is  Injected  into 
the  thrust  cbaaber.  This  fuel  burns  with  the  oxidizer-rich  turbine  exhaust 
in  the  thrust  chaaber. 

(U)  In  addition  to  the  aajor  flow  circuits,  the  engine  has  several 

low-flow  circuits.  Each  boost  puap  is  hydraulically  driven  by  approximately 
82  of  the  propellant  that  is  bled  froa  the  aain  puap  discharge- and  ducted  to 
the  boost  puap  drive  turbine,  which  then  exhausts  into  the  boost  puap  discharge. 
In  the  aain  turbopuap ,  oxidizer  for  bearing  coolant  is  bled  froa  the  puap 
discharge,  passed  through  the  oxidizer  bearings,  and  discharged  into  the  turbine 
inlet  where  it  provides  soae  turbine  cooling.  High  pressure  fuel  froa  the 
first-stage  pump  is  used  to  cool  the  fuel  puap  bearings.  Secondary  combustor 
transpiration  coolant  flow  (N^O^)  is  t^poed  from  the  oxidizer  circuit  at  the 
primary  injector. 

(0)  The  engine's  two  fuel  control  valves  perform  three  functions: 

(1)  propellant  phasing  is  controlled  during  start  and  shutdown  by  sequencing 
both  the  primary  and  secondary  fuel  control  valves,  (2)  engine  throttling  is 
achieved  by  actuation  of  the  prirary  combustor  fuel  control  valve  (PCFCV)  to 
obtain  the  desired  thrust,  and  (3)  engine  mixture  ratio  is  established  by 
the  preset  open  position  of  the  secondary  combustor  fuel  control  valve  (SCFCV). 

No  oxidizer  control  valve  is  required. 

5.  Design  Point  Operation 

(U)  The  predicted  engine  and  component  operating  characteristics 

at  design  point  and  at  various  thrust  points  down  to  10%  are  shown  in 
Table  III-III.  Engine  throttling  performance  is  discussed  in  Section  III,  C. 

The  parameter  symbols  listed  at  the  left  of  the  columns  are  defined  in 

Table  III-IV.  This  operating  point  is  based  on  predicted  component  performances, 
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on  allocated  pressure  drops  or  passage  friction  loss  characteristics  throughout 
the  system,  and  on  the  required  thrust  chamber  transpiration  oxidizer  coolant 

f 

flow  rate.  A  coaputerized  steady-state  aatheaatical  aodel  of  the  engine  was  j 

used  to  calculate  this  operating  point.  The  two  fuel  control  valves  are  adjusted  j 

to  their  noted  K  values  to  attain  the  operating  point.  j 

w  ! 

6.  Engine  Start  and  Shutdown 


(U)  The  engine  is  started  with  propellant  tank  pressure,  the  predicted 

start  and  shutdown  sequence  beiig  shown  graphically  in  Figure  III-7.  Initially, 
all  valves  are  in  the  closed  position.  At  the  start  command  signal,  the  oxidizer 
and  fuel  suction  valves  are  sequenced  open  in  that  order  to  adnllt  propellants 
to  the  engine  and  assure  an  oxidizer  lead.  The  primary  combustor  fuel  control 
valve  (PCFCV)  is  then  opened  to  its  5%  open  position  to  admit  fuel  into  the 
primary  combustor.  Primary  combustor  ignition  occurs  and  the  turbopump  starts 
to  accelerate.  When  first-stage  fuel  pump  discharge  pressure  rises  to  150  psi, 
it  actuates  the  secondary  combustor  fuel  control  valve  (SCFCV)  open  and  secondary 
ignition  occurs.  The  primary  combustor  fuel  control  valve  is  then  sequenced 
further  open  to  accelerate  the  engine,  at  a  controlled  rate,  to  steady-state 
operation  at  10%  thrust.  The  primary  combustor  fuel  control  valve  can  then 
be  opened  to  the  position  of  desired  thrust  at  a  rapid,  controlled  rate  such 
that  maximum  allowable  turbopump  acceleration  is  not  exceeded. 

(U)  Steady-state  mixture  ratio  is  maintained  by  an  adjustable  stop 

on  the  secondary  combustor  fuel  control  valve,  which  is  preset  at  engine 
acceptance  testing.  Thrust  is  set  simply  by  the  position  of  the  primary 
combustor  fuel  control  valve. 
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(D)  Engine  shutdown  is  initiated-  by  the-  shutdown-  command  signal, 

which  closes  the  primary  combustor  fuel-  control  valve.  -  When  first-stage  fuel 
pump  discharge  pressure  drops  below  150  psi,-  the-  secondary  combustor  fuel  valve 
and  both  suction  valves  close. 

7.  Vacuum  Start,  Restart  and  Shutdown 

(U)  The  throttlable-restartable  ARES,  as- a  space  engine,  is  designed 

to  start  at  sea  level  or  in  a  vacuum,  then  to  shutdown  and  coast  for  a  few  seconds 
or  several  weeks,  and  then  to  restart.  It  is  assumed  for  vacuum  restart  that 
the  vehicle  will  provide  propellants  to  the  engine  by  settling  rockets  or  some 
other  means.  Vacuum  starting  and  restarting  of  the  engine  have  been  studied 
for  two  systems  of  propellant  tank  pressurization  as  discussed  in  Section  IV  of 
this  report.  Engine  starting  sequence  would  be  as  shown  in  Figure  III-7  for 
the  case  where  sufficient  tank  pressure  exists  and  vehicle  settling  rockets  are 
used.  The  engine  starting  sequence  for  the  main-  tank  injection  system  involves 
the  flowing  of  propellant  from  the  vehicle-mounted  accumulators  to  pressurize 
the  propellant  tanks  and  settle  propellants  prior  to  an  otherwise  typical  start. 

(U)  It  is  anticipated  that  the  vacuum  engine  overall  start  duration 

may  be  reduced  as  compared  to  the  sea-level  start  plot  shown  because  the  down¬ 
stream  pressure  in  a  vacuum  is  zero  during  fill.  Since  all  propellants  are 
gaseous  before  the  development  of  back  pressure,  propellants  will  reach  the 
primary  combustor  sooner  and  an  earlier  ignition  can  be  expected.  The  pressure 
ratio  across  the  turbopump  turbine  will  be  higher  resulting  in  a  relatively 
higher  turbine  torque,  thus  making  greater  utilization  of  the  turbopump  to 
accelerate  the  engine  fill.  The  existence  of  vaporized  oxidizer  in  the  engine 
will  result  in  oxidizer  vapor  entering  the  fuel  manifolds  prior  to  fuel  fill. 

This  condition  exists  in  all  engines  started  at  altitude,  including  Apollo 
and  Transtage  engines  which  use  the  same  propellants.  Neither  of  these  engines 
require  altitude  purging. 
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(U)  Propellant  freezing  can  occur  if  the  propellant  expanc^s  over 

a  very  large  pressure  ratio  from  a  small  opening.  This  occurs  when  the  valves 
are  first  opened;  however,  experience  has  shown  that  the  amount  of  frozen 
propellants  formed  during  start  are  insignificant  because  the  flow  rate  of 
propellant  causes  a  rapid  rise  in  back  pressure.  Ignition  of  propellants  in 
the  primary  combustor  at  high  mixture  ratio  will  remove  any  frozen  oxidizer 
from  the  secondary  combustor  (thrust  chamber)  injector  and  transpiration 
coolant  washers  prior  to  fuel  flow  to  the  secondary  combustor. 

(U)  The  vacuum  shutdown  of  the  engine  will  be  essentially  the 

same  as  the  sea-level  case  shown  in  Figure  III-7  except  that  the  propellants 
will  vaporize  and  leave  the  engine  without  requiring  a  purge.  The  high  vapor 
pressure  of  the  ^2^4  W1H  result  in  its  dissipation  first.  This  early 
dissipation  due  to  vaporization  will  cool  the  warm  turbine  rotor  and  primary 
combustor  walls,  to  minimize  engine  heat  soak-back.  For  sea-level  testing, 
the  ARES  thrust  chamber  utilizes  a  shutdown  purge  in  the  oxidizer  system  to 
clear  the  system  of  oxidizer  followed  by  a  purge  of  the  fuel  circuits.  The 
vacuum  shutdown  procedure  described  above  would  be  similar  to  the  current  sea- 
level  test  experience.  The  fuel  will  eventually  leave  the  engine  without 
re-opening  the  fuel  control  valves.  This  shutdown  sequence  is  also  consistent 
with  a  minimum  talloff  impulse  since  most  residual  propellant  leaves  the 
engine  without  burning. 

(U)  Engine  restarting  after  a  short  space  coast  period  does  not 

require  the  engine  to  be  completely  drained  and  cold  at  the  time  of  restart; 
however,  fuel  must  not  be  introduced  against  parts  that  are  hot  enough  to  cause 
spontaneous  decomposition.  The  secondary  injector  is  the  only  place  where 
this  can  occur.  The  maximum  temperature  predicted  for  the  secondary  injector 
after  shutdown  is  approximately  7009F  if  no  cooling  benefit  is  derived  from 
the  propellants  expelled  from  the  engine.  Laboratory  test  experience  at 
Aerojet-General  has  shown  that  a  temperature  in  excess  of  1400*F  is  required 
to  initiate  the  decomposition  of  AeroZINE  50  under  these  conditions.  Therefore, 
no  problem  is  foreseen  in  fuel  decomposition  on  restart. 


Page  III-9 

CONFIDENTIAL 

(This  page  is  Unclassified) 


CONFIDENTIAL 

Report  68-C-0008-F,  Part  1 


III,  100K  Throttlable-Restartable  Base-Line  Engine  (cont.) 
C.  ENGINE  THROTTLING  PERFORMANCE 


(U)  The  actual  mechanism  by  which  the  primary  combustor  fuel  valve 

controls  the  thrust  is  as  follows.  Increasing  the  resistance  in  this  valve 
reduces  the  fuel  flow  to  the  primary  combustor.  This  in  turn  reduces  turbine 
temperature  because  of  the  higher  mixture  ratio  and,  to  a  lesser  extent,  reduces 
the  turbine  mass  flow;  the  reduction  in  turbine  drive  energy  results  in  decreased 
turbopump  speed,  pump  discharge  pressures,  propellant  flow  rate,  and  thrust.  The 
engine  maintains  nearly  constant  engine  mixture  ratio  during  throttling,  because 
the  designed  relationship  between  fuel  and  oxidizer  pump  heads  almost  exactly 
compensates  for  the  other  factors  that  influence  engine  mixture  ratio. 

(U)  Some  of  the  engine  performance  parameters  are  plotted  over  a  10:1 

throttle  range  in  Figure  III-8.  Vacuum  specific  impulse  drops  at  the  lower 
thrust  levels  mainly  because  of  the  increase  in  recombination  (kinetic) ,  friction 
and  combustion  losses.  (A  breakdown  of  these  and  other  losses  in  the  thrust 
chamber  is  included  under  Performance  Scaling  in  Section  VIII, B.)  Thrust 
chamber  pressure  drops  nearly  linearly  with  thrust  as  the  engine  is  throttled. 

(U)  A  comprehensive  tabulation  of  engine  and  component  performance  and 

operating  parameters  at  rated  thrust  and  several  throttle  points  down  to  10% 
thrust  is  shown  in  Table  III-III.  Symbols  are  defined  in  Table  III-IV.  Referring 
to  Table  III-III,  some  of  the  more  important  engine  and  component  requirements 
and  characteristics  are  explained  in  the  following  paragraphs. 

(C)  On  Sheet  2  of  Table  III-III  in  the  group  of  secondary  combustor 

parameters,  WOFC  and  WFC/WT  indicate  the  oxidizer  film  coolant  flow  and  its 
ratio  to  total  flow.  At  rated  thrust,  the  coolant  flow  value  is  23.2  lb/sec, 
or  6.6%  of  the  total  engine  flow.  This  value  corresponds  to  an  Is  performance 
loss  of  13.7  sec  for  a  conical  chamber,  and  was  selected  to  meet  the  specified 
engine  performance  level  of  91.7%  of  theoretical  (see  Table  VIII-I  for  the 
performance  loss  breakdown).  This  transpiration  coolant  flow  value  gives  a 
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III,  C,  Engine  Throttling  Performance  (cont.) 

calculated  wall  temperature  of  162S°F  for  the  cylindrical  chamber  configuration 
now  undergoing  testing.  The  conical  chamber  was  adopted  to  achieve  better 
compatibility  between  the  injector  and  the  cooled  chamber.  The  ratio  of  coolant 
flow  to  engine  flow  is  kept  constant  during  throttling  and  provides  a  slight 
reduction  in  wall  temperature  at  throttled  conditions,  on  the  basis  of  preliminary 
heat  analysis.  The  analytical  means  of  holding  this  constant  percentage  in  the 
computer  was  with  the  expedient  of  a  variable  valve  to  represent  the  turbulent/ 
laminar  flow  characteristic  of  the  entire  transpiration  circuit.  The  equivalent 
flow  factor  for  this  circuit  is  shown  as  KWFCV  (Sheet  1  of  Table  III-III);  it 
decreases  approximately  50%  and  defines  the  criteria  required  to  maintain  a 
constant  percentage  of  coolant  during  throttling. 

(U)  This  variation  in  can  be  designed  into  a  transpiration  chamber, 

without  the  aid  of  a  valve,  by  proportioning  the  appropriate  amount  of  laminar- 
flow  AP  versus  turbulent- flow  AP.  In  fact,  the  fixed-thrust  transpiration 
chambers  with  their  12  coolant  flow  compartments  in  the  current  ARES  test 
program  (Contract  AF  04 (611) -10830)  have  approximately  the  desired  characteristic, 
even  though  they  were  not  designed  for  a  specific  throttling  characteristic. 
Predicted  coolant  flow  characteristics  are  shown  in  Figure  III-9  for  the  fixed- 
thrust  chamber  when  exposed  to  predicted  engine  pressure  values  over  the 
throttling  range,  where  the  solid  line  in  the  figure  represents  a  constant 
coolant  to  engine  flow  ratio.  Each  compartment  flow  and/or  the  total  coolant 
flow  could  be  adjusted  by  proper  design  criteria  to  provide  the  desired  throt¬ 
tling  characteristic. 

(U)  The  AP's  assumed  for  the  three  liquid  injector  circuits  in  the 

engine  are  shown  on  Sheet  1  of  Table  III-III.  (DPFJSC,  DPOJPC,  and  DPFJPC) . 

Each  AP  Is  relatively  low  to  accommodate  a  laminar  flow  (lew  velocity), 
platelet  injector  design.  The  laminar  flow  characteristic  enhances  the 
throttlabiiity  of  the  engine  by  sustaining  a  reasonable  ratio  of  AP  injector 
to  chamber  pressure  (see  DP/PSF,  DP/PPO,  and  DP/PPF  on  Sheet  2  of  the  table) 
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III,  C,  Engine  Throttling  Performance  (cont.) 

at  low  flow,  throttled  condition.  If  additional  hardness  is  desired  in  the 
oxidizer  circuit,  substantial  power  margin  is  available  in  the  turbine  to 
accommodate  future  increase  of  the  pump  pressures. 

(U)  On  Sheet  3  of  Table  Ill-Ill  in  the  group  of  turbopump  parameters, 

it  can  be  seen  that  the  pump  flow  parameter  (Q/N)  decreases  to  only  50Z  of 
design;  this  occurs  at  the  low  shaft  speed  of  7040  rpm  which  is  23Z  of  design 
speed.  Pump  off-design  operation  has  been  limited  to  the  negative  slope  portion 
of  their  H-Q  curves. 

(U)  Turbine  and  pump  efficiencies  (see  ETAT,  ETAOM,  ETAFM1  and 

ETAFM2  on  Sheet  3  of  the  table)  are  well  within  Aerojet  and  industry  demonstrated 
values  for  the  conditions  of  turbine  velocity  ratio  (U/C-GT  on  Sheet  3)  and 
pump  specific  speeds  and  flows  (NSO,  NSF-1,  NSF-2,  QOSM,  QFSM1,  and  QFSM2  on 
Sheet  3) . 


D.  WEIGHT  BREAKDOWN 


(U)  Calculated  dry  and  wet  weights  and  gimbal  moment  of  inertia  values 

for  the  100K  base-line  engine  are  shown  by  component  in  Table  III-V.  Values 
for  a  lower-weight  production  prototype  engine  are  shown  in  Table  III-V1.  The 
lower  weight  of  this  production  prototype  engine  is  achieved  by  utilizing  two 
interface  joints  between  the  thrust  chamber  and  the  turbopump  in  place  of  the 
three  joints  shown  in  Figure  III-l,  which  is  a  development  engine  design. 

Other  weight  reductions  could  also  be  achieved  with  a  detailed  weight  reduction 
effort. 

(U)  The  throttlable-restartable  ARES  engine  is  characteristically  heavier 

than  the  fixed-thrust  version  described  in  Section  I  from  Contract  AF  04(611)- 
10830.  This  heavier  weight  results  from  the  relatively  higher  fuel  pump  pressure 
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III,  D,  Weight  Breakdown  (cont.) 

required  for  deep  throttling,  the  radial  inflow  HIPERTHIN  primary  combustor 
injector  desirable  for  throttling,  and  the  integrated  suction  valve  boost/pump 
assembly  which  improves  restart.  The  total  additive  weight  from  these  items  is 
115  lb. 

(U)  Also  included  in  this  summary  is  the  calculated  weight  for  the  four 

valve  actuators,  which  adds  27  lb,  and  the  gimbal,  which  adds  19  lb.  The  pro¬ 
pellant  inlets  for  this  engine  are  oriented  vertically  and  integrated  with  the 
suction  valves,  which  adds  41  lb  but  reduces  the  vehicle  interface  requirements 
and  the  vehicle  suction  line  weight.  This  arrangement  also  reduces  the  amount 
of  propellant  that  is  trapped  in  the  engine  at  the  end  of  each  firing,  reducing 
the  shutdown  impulse  and  the  loss  of  propellants  in  a  multiple  restart  mission. 
The  total  weight  of  these  additive  items  is  87  lb.  The  total  of  all  of  the 
items  above  amounts  to  202  lb,  which  is  included  in  the  weight  summary  of 
Table  III-V. 

(U)  The  difference  between  the  weights  of  engines  with  50:1  and  150:1 

nozzle  extensions  at  a  given  thrust  is  relatively  small  and  amounts  to  only 
14  lb  for  the  100K  size.  The  reason  for  this  is  that  the  contours  of  the  80% 
bell  and  the  RAO  nozzle  contour  are  considerably  different  immediately  down¬ 
stream  of  the  throat  in  the  transpiration-cooled  region.  The  50:1  bell  nozzle 

has  a  smaller  included  angle  and  is  much  longer  in  the  downstream  portion  up 

2 

to  the  point  where  the  static  pressure  is  30  lb/in.  ;  whereas  the  150:1  RAO 
contour  flares  out  more  rapidly  and  obtains  the  required  pressure  ratio  to 
get  30  psia  in  a  shorter  distance.  Consequently,  the  transpiration-cooled 
section  of  the  expansion  nozzle  is  relatively  light  on  the  150:1  nozzle  and 
almost  compensates  for  the  larger  overall  size  of  the  nozzle.  Thus,  the 
difference  in  area  ratio  between  the  50:1  bell  and  the  150:1  RAO  has  little 
weight  effect. 
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TABLE  I I I- I 

ENGINE  CHANGES  FOR  THROTTLING  CAPABILITY 


ENGINE  CHANGES  1 

Increase  first-stage  fuel  pump 
discharge  pressure 

Adjust  pump  H-Q  slope  to  system 
requirement 

Utilize  Hiperthin  primary 
injector 

Utilize  transpiration  TCA  wall 
cooling 

Adjust  laminar-turbulent  resist¬ 
ance  of  'JCA  transpiration  system 

Adjust  turbine  pressure  ratio 

Relocate  engine  suction  valves 
upstream  of  boost  pumps 

Engine  mounted  integrated  boost 
pump  and  poppet  suction  valves 

Relocate  PC  injector  to  provide 
self  drain  through  TPA  turbine 

SYSTEM  REQUIREMENTS 

Throttle  range  to  10; 1 

X 

X 

Throttle  engine  at  fixed  mixture 
ratio  with  single  valve 

X 

X 

X 

Maintain  engine  stiffness 

X 

X 

X 

Maintain  combustor  stability 

X 

X 

Maintain  TCA  wall  compatibility 

X 

X 

Maintain  turbine  temperature 
under  1250°F 

_ 

X 

X 

Limit  pump  operation  to  negative 
slope  portion  of  H-Q  curve 

■ 

X 

Eliminate  cneck  valves  from 
boost  pump  turbine  drive  line 

■ 

X 

—  — 

Minimize  propellant  wet  volume 
downstream  of  engine  start-stop 
valves 

■ 

■ 

■ 

X 

_ 

■ 

1 

■ 

X 

Provide  aft  direction  self  drain 
of  trapped  engine  propellant 

■ 

■ 

■ 

■ 

| 

■ 

■ 

X 
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TABLE  III-II 


MATERIAL  LIST,  ENGINE  MODULE  ASSEMBLY,  100K  ARES 


Part 

Material  Surface 
Environment 
(Wall  Temp,  op) 

Fuel  Qxid  Gas 

Material 

(Alternates  Shown  in  Pi  v'eutheses ) 

1. 

Turbopump  Housing 

200°F 

200°: 

600°F 

INCO  718 

2. 

Turbopump  Shaft 

77° 

6000 

1000° 

INCO  718 ‘(AM  355) 

3- 

Turbine  Nozzle 

- 

- 

1200° 

Haynes  25  (713  C) 

4. 

Turbine  Rotor 

- 

600° 

1200° 

Forged  Udimet  700  (Waspalloy) 

5- 

Turbine  Shaft  Labyrinth 

- 

500° 

- 

AM  355 

6. 

Turbine  Disc  Nut 

- 

- 

1000° 

AM  355 

7- 

Turbine  Exhaust  Flow 
Distribution  Plate 

- 

- 

1200° 

Udimet  700  (Waspalloy) 

8. 

Thrust  Takeout  Plate 

77° 

- 

- 

AM  355 

9- 

Fuel  Pump,  1st  Stage 
Impeller 

77° 

- 

- 

17-4PH  Cast,  LC-1  Flame  Plated 

10. 

Fuel  Pump,  1st  Stage 
Backplate 

77° 

- 

- 

AM  355*  DC-1  Flame  Plated  Land 

11. 

Fuel  Pump,  1st  Stage 
Inducer 

77° 

- 

- 

Titanium  bAl-4Va 

12. 

Fuel  Pump,  1st  Stage 
Inducer  Hsg 

7^0 

- 

- 

SS  347,  LC-1  Flame  Plated  Land 

13- 

Fuel  Pump,  2nd  Stage 
Impeller 

100° 

- 

- 

AM  355 

Ik. 

Fuel  Pump,  2nd  Stage 
Backplate  &  Retaining  Nut 

100° 

- 

- 

AM  355 

LT\ 

H 

Fuel  Pump  Labyrinth 

Inserts 

100° 

- 

- 

Pressure  Relieved  Kynar 

16. 

Fuel  Pump  Radial  Bearing 

200° 

-  ■ 

- 

SS  440C  Rollers  &  Races,  Glass 
Filled  Teflon  Cages 

17- 

Fuel  Pump  Thrust  Bearing  100° 
Sleeve,  Retainers,  and  Bolt 

- 

- 

AM  355 

18. 

Fuel  Pump  Thrust  Bearings 

200° 

SS  440C  Races,  K5H  Balls,  Glass 
Filled  Teflon  Cages 
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TABLE  III-II  (cont.) 


Material  Surface 

»  Environment 


li¬ 

lt 

£ 

Part 

(Wall  Temp. 
Fuel  Oxid 

of) 

Gas 

Material 

(Alternates  Shown  in  Parentheses) 

f  § 

m 

@5  * 

19. 

Fuel  Bearing  Shaft  Re¬ 
taining  Nut 

77° 

- 

- 

AM  355 

I 

20. 

Interpropellant  Seal 

77° 

77° 

- 

Carbon  Stationary  Bing,  DC-1 

Flame  Plated,  440C  Rotating  Ring 

I 

21. 

Oxid  Pump  Impeller 

- 

200° 

- 

17-4  PH  Cast,  DC-1  Flame  Plated 
Land 

f 

22. 

Oxid  Pump  Impeller  Hydro¬ 
static  Seal 

- 

77° 

- 

DC-1  Flame  Plated  SS347 

23- 

Oxidizer  Pump  Inducer 

- 

77° 

- 

AM  355 

I 

rfe," 

24. 

Oxidizer  Pump  Inducer  Nut 

- 

77° 

- 

AM  355 

f' 

i 

25- 

Ctxid  Pump  Rauial  Bearing 

- 

200° 

- 

SS  440C  Rollers  &  Races,  Glass 
Filled  Teflon  Cages 

| 

26. 

Oxid  Pump  Radial  Bearing 
Retaining  Nut 

- 

500° 

- 

AM  355 

'  * 

27- 

Oxid  Pump  Inducer  Insert 

- 

77° 

- 

Graphite  Filled  Vespo  SP-21 

f: 

s 

28. 

Fuel  Boost  Pump  Inlet 

Housi ng 

77° 

- 

- 

SS  347 

r 

i 

i 

29- 

Fuel  Boost  Pump  Discharge 
Housing 

77° 

- 

- 

A1  A356  Cast 

%! 

;t 

M 

30. 

Fuel  Boost  Pum*  impeller 

77*' 

- 

- 

A1  7075-T73 

:  fr| 

£ 

I- 

„  1 

31. 

Fuel  Boost  Pump  Impeller 
Nut 

77° 

- 

A1  7075-T6 

32. 

Fuel  Boost  Pump  Shaft 

77° 

- 

- 

AM  355 

I 

\ 

33- 

Fuel  Boost  Pump  Bearing 
Housing 

77° 

- 

- 

AM  355 

t 

34. 

Fuel  Boost  Pump  Bearing 

200^ 

- 

- 

SS  4aOC  Rolling  Elements  &  Races, 
Glass  Filled  Teflon  Cages 

fi 

| 

35- 

Fuel  Boost  Pump  Bearing 
Retaining  Nuts 

77° 

- 

- 

SS  347 

$ 

* 

36. 

Fuel  Boost  Pump  Turbine 
Rotor 

77° 

- 

- 

AM  355 

V 

37- 

Fuel  Boost  Pump  Turbine 

77° 

- 

- 

AM  355 

Stators 
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TABLE  III-II  (cont.) 


Material  Surface 
Environment 


Part 

(Wall  Temp. 
Fuel  Qxid 

op) 

Gas 

Material 

(Alternates  Shown  in  Parentheses) 

38. 

Oxidizer  Boost  Pump 

77° 

- 

Same  materials  as  Fuel  Boost 

Pump  (Items  28-37) 

39- 

Fuel  Suction  Valve  Body 

77° 

- 

- 

SS-17-4PH 

40. 

Fuel  Suction  Valve  Poppet 

77° 

- 

- 

SS-17-4PH  (AM  350) 

41. 

Fuel  Suction  Valve  Springs 

770 

- 

- 

SS-17-7PH 

42. 

Fuel  Suction  Valve  Poppet 
Seal 

770 

- 

- 

Teflon 

43- 

Fuel  Suction  Valve  Static 
Seals 

77° 

' 

Teflon 

44. 

Fuel  Suction  Valve  Shear 
Seal  (Optional,  Long 

Term  Storage) 

77° 

' 

' 

OOjfrUj 

45- 

Ox id  Suction  Valve 

- 

770 

- 

Same  materials  as  Fuel  Suction 
Valve  (Items  39-44) 

46. 

Primary  Fuel  Valve  Body 

100° 

- 

- 

Integral  part  of  primary  injector 

47- 

Primary  Fuel  Valve  Shaft 

100° 

- 

- 

AM  350  (17-4PH) 

48. 

Primary  Fuel  Valve  Sleeve 

100° 

- 

- 

SS-17-4PH  (AM  350) 

49- 

Primary  Fuel  Valve 

Bearings 

100? 

- 

- 

440C 

50. 

Primary  Fuel  Valve  Dyn. 
Seals 

100° 

- 

- 

Teflon 

51- 

Primary  Fuel  Valve  Static 
Statics 

100° 

- 

- 

AS  4004  (Butyl) 

52. 

Secondary  Fuel  Valve 

200° 

Same  materials  as  Primary  Fuel 
Valve  except:  valve  body  is 
integral  part  of  Secondary 
Injector 

53- 

Primary  Fuel  Feed  Line 

100° 

- 

- 

Mil-T-6845  304 

54. 

Secondary  Fuel  Feed  Line 

100° 

- 

- 

Mil-T-6845  304 

55- 

Fuel  Boost  Pump  Turbine 
Feed  Line 

100° 

- 

- 

Mil-T-6845  304 

56. 

Gxid  Boost  Pomp  Turbine 

Feed  Line 
♦ 

100° 

- 

- 

Mil-T-6845  304 

57. 

Primary  Injector 

200° 

200° 

1200° 

SS  347 
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TABLE  III-II  (cont.) 


Material  Surface 
Environment 


Part 

(Wall  Temp. 
Fuel  Qxid 

op) 

Gas 

Material 

(Alternates  Shown  in  Parentheses) 

58. 

Adapter,  Turbopump/Combustors- 

- 

120 0° 

INC0  718  (Hast  X) 

59. 

Primary  Combustor  Liner 

- 

- 

1200° 

Hast  X  (Reni  62,  INCO  718) 

60. 

Secondary  Injector 

600° 

- 

1200° 

SS  347 

61. 

Secondary  Combustor  Washers 

- 

1625° 

- 

S3  347  (Nickel) 

62. 

Secondary  Combustor  Housing 

• 

300° 

Soak- 

back 

“ 

Maraging  Steel  -  18$  Nickel 
(Titanium) 

63- 

Nozzle  Extension,  First 
Section 

- 

r 

2200° 

Columbium  (10  HF,  1  Ti) 

64. 

Nozzle  Extension,  Second 
Section 

- 

- 

1100° 

Titanium  (5  Al,  2-5  Sn) 
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AE/AT 

CF 

C*SC 

D*FJPC 

D*FJSC 

D*FSM1 

d*fsm2 

D*OFC 

D*OJPC 

D*ORG 

D*OSM 

DPFJPC 

DPFJSC 

DPFPCV 

DPFPCP 

DPFSC 

DPFSC? 

DPOFC 

DPOH1 

dpoh2 

DPOJPC 

DPOPCP 

DPORG 

DPPCVO 

DPSCVI 

DPSCVO 

DPTOB 


Report  68-C-00Q8-F,  Part  1 

TABLE  III-IV 

SYMBOL  LIST  FOR  THROTTLING  COMPUTER  STUDY 

Area  Exit /Area  Throat 
Nozzle  Coefficient 

Throat  Velocity — Secondary  Combustor 

Density  Fuel  Injector  Primary  Combustor 

Density  Fuel  Injector  Secondary  Combustor 

Density  Fuel  Suction  Main  Pump  First  Stage 

Density  Fuel  Suction  Main  Pump  Second  Stage 

Density  Oxidizer  Transpiration  or  Film  Cooling 

Density  Oxidizer  Injector  Primary  Combustor 

Density  Oxidizer  Regenerative  Coolant  Exit 

Density  Oxidizer  Suction  Main  Pump 

AP  Fuel  Injector  Primary  Combustor 

AP  Fuel  Injector  Secondary  Combustor 

AP  Fuel  Primary  Combustor  Valve 

AP  Fuel  Primary  Combustor  Pilot  System 

AP  Fuel  Secondary  Combustor  Valve 

AP  Fuel  Secondary  Combustor  Pilot  System 

AP  Oxidizer  Transpiration  or  Film  Coolant  System 

AP  Oxidizer  Housing  First  Passage 

AP  Oxidizer  Housing  Second  Passage 

AP  Oxidizer  Injector  Primary  Combustor 

AP  Oxidizer  Primary  Combustor  Pilot  System 

AP  Oxidizer  Regenerative  Coolant  Coolant  Circuit 
(or  Oxidizer  Housing  Orifice) 

AP  Primary  Combustor  Valve  Outlet 

AP  Secondary  Combustor  Valve  Inlet 

AP  Secondary  Combustor  Valve  Outlet 

AP  Turbine  Oxidizer  Boost  Pump 
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DP/PPF 

- 

AP  Fuel  Injector  *  Pressure  Primary  Combustor 

DP/PPO 

- 

AP  Oxidizer  Injector  ♦  Pressure  Primary  Combustor 

DP/PSF 

- 

AP  Fuel  Injector  *  Pressure  Secondary  Combustor 

DTORG 

- 

Tempera tuie  Regenerative  Coolant  Circuit 

ETAC 

- 

Efficiency  Secondary  Combustor  Combustion 

ETAFB 

- 

Efficiency  Fuel  Boost  Pump 

etafm]L 

- 

Efficiency  Fuel  Main  Pump  First  Stage 

ETAFM^, 

- 

Efficiency  Fuel  Main  Pump  Second  Stage 

ETAN 

- 

Efficiency  Secondary  Combustor  Nozzle 

ETAOB 

- 

Efficiency  Oxidizer  Boost  Pump 

ETAOM 

- 

Efficiency  Oxidizer  Main  Pump 

ETAT 

- 

Efficiency  Turbine 

ETATFB 

- 

Efficiency  Turbine  Fuel  Boost 

ETATOB 

- 

Efficiency  Turbine  Oxidizer  Boost  Pump 

F 

- 

Thrust 

HFBNC 

- 

Head  Fuel  Boost  Pump,  Noncavitating 

HFB/N2 

- 

2 

Head  Fuel  Boost  Pump  -f  (Speed) 

HFM2 

- 

Head  Fuel  Main  Pump  Second  Stage 

HF2/N2 

- 

2 

Head  Fuel  Main  Pump  Second  Stage  +  (Speed) 

HFMNC1 

- 

Head  Fuel  Main  Pump  First  Stage,  Noncavitating 

HFX/N2 

- 

Head  Fuel  Main  Pump  First  Stage,  Noncavitating  r 

HOBNC 

- 

Head  Oxidizer  Boost  Pump,  Noncavitating 

HOB/N2 

- 

Head  Oxidizer  Boost  Pump,  Noncavitating 

HOMNC 

- 

Head  Oxidizer  Main  Pump,  Noncavitating 

HOM/N2 

- 

2 

Head  Oxidizer  Main  Pump,  Noncavitating  ♦  (Speed) 

I 

s 

- 

Specific  Impulse 
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TABLE  III-IV  (coat.) 


KwFCV 

KwFPCV 

KwFSCV 

KwOPCV 

KwRGV 

NT 

NTFB 

NTOB 

MRENG 

MRPC 

MRSC 

NPSPFB 

NPSPFM 

NPSPOB 

NPSPOM 

NSF-1 

NSF-2 

NSO 

PA 

PCFACE 

PCPC 

PCSC 

fFDTB 

PFDTM^ 

pfdtm2 

PFSTB 

PFST^ 

pfstm2 


Film  Coolant  Valve  Flow  Admittance  Factor 
Fuel  Primary  Combustor  Valve  Flow  Admittance  Factor 
Fuel  Secondary  Combustor  Valve  Flow  Admittance  Factor 
Oxidizer  Primary  Combustor  Valve  Flew  Admittance  Factor 
Regenerative  Coolant  Valve  Flow  Admittance  Factor 
Turbine  Speed 

Turbine  Speed  Fuel  Boost  Pump 

Turbine  Speed  Oxidizer  Boost  Pump 

Engine  Mixture  Ratio 

Primary  Combustor  Mixture  Ratio 

Secondary  Combustor  Mixture  Ratio 

Net  Positive  Suction  Pressure  Fuel  Boost  Pump 

Net  Positive  Suction  Pressure  Fuel  Main  Pump 

Net  Positive  Suction  Pressure  Oxidizer  Boost  Pump 

Net  Positive  Suction  Pressure  Oxidizer  Main  Pump 

Specific  Speed  Fuel  Pump  First  Stage 

Specific  Speed  Fuel  Pump  Second  Stage 

Specific  Speed  Oxidizer  Pump 

Ambient  Pressure 

Primary  Combustor  Injector  Face  Pressure 

Primary  Combustor  Chamber  Pressure 

Secondary  Combustor  Chamber  Pressure 

Pressure  Fuel  Discharge  (total)  Boost  Pump 

Pressure  Fuel  Discharge  (total)  Main  Pump  First  Stage 

Pressure  Fuel  Discharge  (total)  Main  Pump  Second  Stage 

Pressure  Fuel  Suction  (total)  Fuel  Boost  Pump 

Pressure  Fuel  Suction  (total)  Fuel  Main  Pump  First  Stage 

Pressure  Fuel  Suction  (total)  Fuel  Main  Pump  Second  Stage 
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PFT 

PGJT 

PODTM 

PODTB 

PORGDT 

POSTB 

POSTM 

POT 

PTET 

PTIT 

PTITFB 

PTITOB 

QFSB 

QFSMX 

qfsm2 

QOSB 

QOSM 

Q / QDF 1 

Q/QDF2 

Q/QDFB 

Q/QDOB 

Q/QDOM 

RPT 

SFB 

SFMX 

SHPFB 


Pressure  Fuel  Tank  (Bottom) 

Pressure  Gas  Injector  Total  (Inlet) 

Pressure  Oxidizer  Discharge  (Total)  Main  Pump 
Pressure  Oxidizer  Discharge  (Total)  Bouwt  Pump 
Pressure  Oxidizer  Regen.  Coolant  Dischargs  Total 
Pressure  Oxidizer  Suction  (Total)  Boost  Pump 
Pressure  Oxidizer  Suction  (Total)  Main  Pump 
Pressure  Oxidizer  Tank  (Bottom) 

Pressure  Turbine  Exit  Total 
Pressure  Turbine  Inlet  (Total) 

Pressure  Turbine  Inlet  (Total)  Fuel  Boost  Pump 

Pressure  Turbine  Inlet  (Total)  Oxidizer  Boost  Pump 

Volume  Flow  Fuel  Suction  Boost  Pump 

Volume  Flow  Fuel  Suction  Main  Pump  First  Stage 

Volume  Flow  Fuel  Suction  Main  Pump  Second  Stage 

Volume  Flow  Oxidizer  Boost  Pump 

Volume  Flow  Oxidizer  Main  Pump 

Flow  Parameter  Ratio  Fuel  Pump  First  Stage* 

Flow  Parameter  Ratio  Fuel  Pump  Second  Stage* 

Flow  Parameter  Ratio  Fuel  Boost  Pump* 

Flow  Parameter  Oxidizer  Boost  Pump* 

Flow  Parameter  Oxidizer  Main  Pump* 

Pressure  Ratio  Turbine 

Suction  Specific  Speed  Fuel  Boost  Pump 

Suction  Specific  Speed  Fuel  Main  Pump  First  Stage 

Shaft  Horsepower  Fuel  Boost  Pump 


J 

j 

| 


I 

j 

i 

\ 

I 

\ 


S 


i 


*Q/QD  represents  (Q/N)  Actual/ (Q/N) Design 

j 
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SHPPM^^ 

shpfm2 

SHPOB 

SHPOM 

SHPT 

SOB 

SOM 

TFSB 

TOSB 

TTIT 

TTITFB 

TTITOB 

U/C-GT 

W-ENG 

WFBOS 

WFC/WT 

WFJPC 

WFJSC 

WFP  CP 

WFRTS 

WFSB 

WFT 

WFSCP 

WGJSC 

WOBOS 

WOFC 


Shaft  Horsepower  Fuel  Main  Pump  First  Stage 
Shaft  Horsepower  Fuel  Main  Pump  Second  Stage 
Shaft  Horsepower  Oxidizer  Boost  Pump 
Shaft  Horsepower  Oxidizer  Main  Pump 
Shaft  Horsepower  Turbine 
Suction  Specific  Speed  Oxidizer  Boost  Pump 
Suction  Specific  Speed  Oxidizer  Main  Pump 
Temperature  Fuel  Suction  Boost  Pump 
Temperature  Oxidizer  Suction  Boost  Pump 
Temperature  Turbine  Inlet  (Total) 

Temperature  Turbine  Inlet  (Total)  Fuel  Boost  Pump 
Temperature  Turbine  Inlet  (Total)  Oxidizer  Boo3t  Pump 
Tip  Velocity  t  Spouting  Velocity  Gas  Turbine 
Weight  Flow  Total  Engine 
Weight  Flow  Fuel  Bum-Off  Seal 

Ratio  Weight  Flow  Film  Coolant*/Weight  Flow  Total  Engine 
Propellant 

Weight  Fuel  Primary  Combustor 
Weight  Flow  Fuel  Secondary  Combustor 
Weight  Flow  Fuel  Primary  Combustor  Pilot 
Weight  Flow  Fuel  Pump  Return  to  Suction 
Weight  Flow  Fuel  Suction  Boost  Pump 
Weight  Flow  Fuel  Total  (Engine) 

Weight  Flow  Fuel  Secondary  Combustor  Pilot 
Weight  Flow  Gas  Injector  Secondary  Combustor 
Weight  Flow  Oxidizer  Bum-Off  Seal 
Weight  Flow  Oxidizer  Transpiration  or  Film  Coolant 


*Filn  Coolant  and/or  Transpiration  Coolant 
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WOJPC 

'  WOPCP 

WORG 

*  WOSB 

WOT 
WOTS 
WTFB 
WTOB 
WTI 
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Weight  Flow  Oxidizer  Injector  Primary  Combustor 
Weight  Flow  Oxidizer  Primary  Combustor  Pilot 
Weight  Flow  Oxidizer  Regenerative  Coolant 
Weight  Flow  Oxidizer  Suction  Boost  Pump 
Weight  Flow  Oxidizer  Total  (Engine) 

Weight  Flow  Oxidizer  Turbine  Seal 
Weight  Flow  Turbine  Fuel  Boost  Pump 
Weight  Flow  Turbine  Oxidizer  Boost  Pump 
Weight  Flow  Turbine  Inlet 


UNCLASSIFIED 


Report  68-C-0008-F 

TABLE  III-V 

100K  ARES  HEIGHT  AND  INERTIA  SUMMARY 


Moment  of 
Inertia 


COMPONENT  ASSEMBLY 

Weight 

Pound 

About  Ginfcal 
Slug  Ft2 

TURBOPUMP  -  HCL.  PRIM.  COM)  &  PCFCV  HSG 

AMPTER  &  LINE  (W/O  GIMBAL) 

337-1 

17-75 

SECONDARY  INJECT.  SUB-ASS  *Y  &  SCPCV 

85.6 

10.04 

TPA  SUB-TOTAL 

422.7 

27-79 

€=  150 

THRUST  CHAMBER  ASSEMBLY  AND  NOZZLE  EXTENSION 

345.9 

211.37 

■£«  50 

THRUST  CHAMBER  ASSEMBLY  AND  NOZZLE  EXTENSION 

332.2 

137-64 

SUB-TOTAL  BASIC  ENGINE 
-£  =  150 

768.6 

239.16 

SUB-TOTAL  BASIC  ENGINE 

50 

754-9 

165A3 

BOOST  PUMPS  (2) 

36.6 

1.705 

PROPELIANT  HTET  HOUSINGS  (2) 

62.0 

4.030 

SUCTION  VALVES  &' ACTUATORS  (2) 

40.0 

4.280 

GIMBAL 

19.5 

.001 

PCECV  ACTUATOR 

4.0 

.301 

SCECV  ACTUATOR 

3.0 

-399 

ADDITIONAL  ITEMS  SUB-TOTAL 

164.5 

10.716 

GRAND  TOTAL  - 

■£*  150  DRY  ENGINE  ASSEMBLY 

993.1 

249.876 

50  DRY  ENGINE  ASSEMBLY 

919.4 

176.146 

£.  150  WET  ENGINE  ASS-IMBLY 

996.1 

254.236 

£  =  50  WET  ENGINE  ASSEMBLY 

983.4 

180.376 
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TABLE  III-VI 

100K  PROTOTYPE  PRODUCTION  ARES  WEIGHT  AND  INERTIA  SUMMARY 


Nozzle 

Expansion 

Ratio 

€ 

Weight 

Pound 

Moment  of 
Inertia  About 
Gimbal 

Slug  Ft2 

DRY  EMGINE 

150:1 

883. 

CVJ 

50:1 

869. 

172. 

ADDITIVE  EFFECT 

150:1 

63. 

4.36 

CF  PROPELLANTS 

mm 

64. 

4.23 

WET  ENGINE 

150:1 

946. 

250.36 

! 

- - L 

50:1 

933- 

176.23 
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nr 
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LKlAJ 

vf  . 

OXIDIZER 


HYDRAULIC  TURBINE 
FUEL  BOOST  PUMP 
FUEL  SUCTION  VALVE' 


ACTUATOR ,  SUCTION  VALVE 


PRIMARY  COMBUSTOR 
FUEL  CONTROL  VALVE ^  L 


PRIMARY 

INJECTOF 


OXIDIZER 
LUBRICATED  BEARING 


TURBOPUMP  SHAFT 
FLOW  DISTRIBUTION  PLATE 
SECCKDARY  COMBUSTOR  INJECTOR 


R 

jjcp 

d 

'PRIMARY 

'TURBINE 


'SECONDAR 
FUEL  COl 


-THRUST  CHAN 


NOZZLE  EXT] 


OXIDIZER 
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Figure  IIX-2 
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Figure  III-3 
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Secondary  Combustor  Injector  (u) 
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BEAM  STIFFENERS  (2) 
Ti  (5  AL,  2.5  Sn) 


Apollo  Nozzle  Extension 
Figure  III-4 
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IV. 

INTEGRATED  AUXILIARY  POWER  PACKAGE  (TASK  I) 

A.  OBJECTIVES  AND  APPROACH 

(U)  The  objectives  of  Task  I  of  the  work  statement  were  to  establish 

design  requirements  and  a  layout  design  of  an  Integrated  Auxiliary  Power 
Package  (IAPP)  for  use  with  the  throttlable-restartable  100K  ARES  engine. 

The  IAPP  includes  roll  control,  thrust  vector  control  (TVC) ,  and  propellant 
tank-pressurization  systems. 

(0)  Typical  functional  requirements  for  the  IAPP  were  established 

primarily  on  the  basis  of  the  Titan  Stage  II  requirements  because  of  the 
size  similarity.  Additional  requirements  were  defined  to  permit  operation 
of  the  IAPP  prior  to  engine  restart  and  during  engine- throttled  conditions. 

(U)  Using  this  typical  set  of  functional  requirements,  a  vehicle/ 

engine  IAPP  system  design  was  established.  The  engine-supplied  system  was 
designed  to  provide  the  vehicle  with  complete  attitude  control  as  well  as  roll 
control,  with  adequate  thrust  vector  control,  and  with  quick-response  propel¬ 
lant  tank  pressurization.  Through  the  use  of  propellant  accumulators  the 
system  was  designed  for  operation  during  vehicle  coast  periods  and  prior  to 
engine  restart,  providing  vehicle  orientation,  tank  settling  and  pressuriza¬ 
tion,  and  engine  gimbal  orientation.  The  system  was  also  designed  to  provide 
adequate  pressure  and  flow  regulation  during  engine  throttling  down  to  10% 
thrust. 

(U)  The  vehicle-located  components  of  the  IAPP  system  are  defined  in 

this  report  by  means  of  a  conceptual  flow  diagram  and  a  table  of  predicted 
pressures  and  flows.  The  engine-located  components  are  integrated  physically 
and  functionally  to  the  basic  100K  ARES  engine  and  are  defined  in  this  report 
by  means  of  an  external  engine  drawing  and  tables  of  dimensions,  weights,  and 
flow  requirements. 


Page  IV-1 

UNCLASSIFIED 


UNCLASSIFIED 

Report  68-C-0008-F,  Part  X 


IV,  A,  Objectives  and  Approach  (cont.) 

(0)  The  functional  requirements  and  conceptual  design  of  the  LAPP  were 

then  scaled  and  Incorporated  into  the  25K  and  500K  thrust  engines,  as  part  of 
Tasks  III  and  IV. 

B.  OPERATIONAL  REQUIREMENTS 

1.  Titan,  Apollo  and  Transtage  LAPP  Requirements 

(U)  Table  IV-1  lists  the  IAPP  requirements  and  some  of  the 

operating  parameters  for  the  first-  and  second-stage  engines  of  three  Titan 
vehicles  (Titan  II,  Gemini,  and  Titan  IIIC)  and  for  the  upper-stage  Apollo 
and  Transtage  engines. 

(U)  The  Titan  engines  are  pump-fed,  with  fixed  thrust,  and  use 

solid  start  cartridges  for  their  single  start  at  altitude.  The  Apollo  and 
Transtage  engines  are  tank-fed,  with  fixed  thrust,  and  have  restart  capability 
by  means  of  their  vehicle-supplied  helium  tank-pressurization  systems. 

2.  Typical  IAPP  Requirements  for  100K  ARES 

(U)  The  following  basic  IAPP  requirements  were  established  for 

the  100K  ARES  in  a  typical  single-engine  application. 

1Q0K  ARES  IAPP  Requirements 
TVC 


Gimbal  control  angle 

+5  deg 

Maximum  gimbal  velocity 

25  deg/ sec 

Maximum  acceleration 

18  rad/sec 
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ROLL  CONTROL 
Moment 

TANK  PRESSURIZATION 


Propellant 
Engine  NPSH,  min 
Tank  top  pressure 


Oxidizer  Tank 

N2°4 
20  ft 

40  +  10  psia 


3.  General  Requirements 


1600  ft-lb 


Fuel  Tank 
AeroZINE  50 
20  ft 

30  +  10  psia 


(U)  Engine  throttling  and  restart  requirements:  The  IAPP, 

including  TVC,  roll  control,  and  tank-pressurization  systems,  shall  also  be 
operable  at  reduced  rates,  pressures,  and  flows,  while  supplied  from  the 
engine  at  any  reduced-thrust  condition  down  to  and  including  10%  thrust.  Also, 
with  the  engine  shutdown,  the  IAPP  shall  be  operable  at  reduced  rates,  pressures, 
and  flows,  while  supplied  from  a  separate  pressure  source,  such  as  engine- 
supplied  accumulators. 


! 


(U)  The  tank  pressure  requirements  were  selected  to  provide  a 

minimum  NPSH  of  20  ft  to  the  engine  boost  pumps  during  the  worst  condition; 

:  ■  i.e.,  assuming  full-thrust  operation  with  empty  tanks  and  relatively  short 

i 

r  suction  lines,  as  in  Titan  Stage  II.  Selection  criteria  were  as  follows: 


*  i  . 


K 

ft 


t 


100%  Thrust  Conditions 

Oxidizer 

Fuel 

Minimum  tank  dome  pressure  requirement, 

psia 

28 

13 

Gravity  head  (3  g's,  empty  tanks),  psi 

+12 

+1 

Line  loss,  psi 

-  7 

zl 

Minimum  total  pressure,  engine  suction, 

psia 

33 

11 

Vapor  pressure  (at  80°F),  psia 

-20 

zl 

Minimum  net  positive  suction  pressure, 

psi 

+13 

+8 

(Equivalent  to  NPSH  ■  20  ft) 


i 


1 


i} 


t 
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IV,  B,  Operational  Requirements  (cont.) 

(U)  Nominal  oxidizer  and  fuel  tank  dome  pressures  were  selected 

at  40  and  30  psia,  respectively,  to  assure  operation  exceeding  the  above-noted 
minimums,  allowing  for  pressure  regulation  and  system  response. 

C.  THRUST  VECTOR  CONTROL  DESIGN 


(U)  The  TVC  gimbaling  requirements  specified  above  for  ARES  permitted 

the  selection  of  a  conventional,  hydraulic,  gimbal  actuator  similar  to  the 
flight-qualified  actuators  used  on  the  Titan  Stage  II  engine. 

(U)  The  selected  10GK  ARES  gimbal  actuator  is  servo-controlled  with 

an  actuation  pressure  of  3000  pci,  weighs  less  than  15  lb,  and  is  18  in.  in 

length.  It  has  a  maximum  piston  force  of  7500  lb,  a  nominal  stroke  of  1.8  in. 

3 

and  a  flow  demand  of  10  in.  /sec  at  the  maximum  stroke  velocity  of  4  in. /sec. 

(U)  Dimensions  and  layout  of  the  TVC  are  shown  in  an  external  view  of 

the  ARES  engine  in  Figure  IV-1.  The  two  actuators  have  been  Integrated  as 

part  of  the  engine  rather  than  as  part  of  the  vehicle  to  use  the  high  fluid 
pressure  generated  by  the  engine  pumps.  Engine  fuel  was  selected  as  the 
actuating  medium,  because  the  conversion  of  seal  materials  from  use  with 
hydraulic  oil  to  the  use  of  AeroZINE  50  is  less  extensive  than  if  ^0^  were 

used.  A  maximum  momentary  flow  of  5  gpm  or  0.6  Ib/sec  of  engine  fuel  will  be 

required  during  movement  of  both  actuators.  The  source  of  fuel  to  the  actuator 
is  a  tap-off  from  the  engine's  first-stage  fuel  pump  discharge.  The  source 
pressure  is  dropped  to  3000  psi  at  the  actuator  inlet  by  means  of  a  continuous- 
flow  bleed  system  described  in  Section  IV, F  as  part  of  the  overall  IAPP  system. 

(U)  The  100K  ARES  requires  a  smaller  gimbal  force  than  did  the  Titan 

because  of  the  reduced  weight  and  moment  of  inertia.  However,  since  the  ARES 
requires  gimbaling  at  a  10%  thrust  condicion  and  during  vehicle  coast  periods, 
the  piston  area  criteria  of  2,55  sq  in.  used  in  the  Titan  actuator  was  retained 
for  the  ARES.  This  will  provide  high  response  at  the  100%  thrust,  high  pressure 
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IV,  C,  Thrust  Vector  Control  Design  (cont.) 

conditions  and  permit  moderate  response  at  the  low  pressure  conditions  (150 
to  350  psia)  available  at  10%  thrust  or  from  the  accumlator  during  coast 
periods. 


D.  ROLL  CONTROL  DESIGN 

(U)  The  typical  roll  control  requirement  specified  for  ARES  is 

1600  ft- lb,  again  based  on  Titan  Stage  II.  Two  roll  control  systems  were 
examined:  (1)  a  system  of  hot-gas  nozzles  mounted  on  the  engine,  using 
turbine  exhaust  gas  and  therefore  operable  only  during  engine  operation,  and 
(2)  a  system  of  bipropellant  rockets  mounted  on  the  vehicle  skirt,  using 
propellants  supplied  from  the  engine  during  engine  operation,  and  from  a  pair 
of  propellant  accumulators  in  the  vehicle  between  engine  firings. 

1.  Engine-Mounted  Roll  Control  System 

(U)  For  booster  applications  where  stage  roll  control  is  required 

during  engine  operation  only,  a  pair  of  opposing  nozzles  can  be  mounted  on 
an  outboard  structural  portion  of  the  ARES  engine  and  supplied  with  hot  gas 
bled  from  the  turbine  exhaust  through  a  duct  and  a  three-way  valve. 

(U)  The  schematic  in  Figure  IV-2  shows  such  a  system  with 

redundant  valves  and  nozzles  on  each  side  of  the  engine  to  provide  relia¬ 
bility  and  to  eliminate  pitch  and  yaw  moments.  A  practical  location  for  the 
nozzles  on  the  engine  structure  to  provide  the  greatest  moment  arm  is  the 
mounting  of  a  nozzle  and  valve  assembly  outboard  of  each  boost  pump;  this 
results  in  a  moment  arm  of  2  ft  measured  from  the  engine /vehicle  centerline. 
Thus,  a  total  thrust  of  800  lb  is  required  to  produce  the  specified  moment  of 
1600  ft- lb,  or  with  two  nozzles  operating,  a  thrust  of  400  lb  in  each  nozzle. 
At  a  chamber  pressure  of  2700  psia,  the  nozzles  will  require  a  maximum  weight 
flow  from  the  engine  of  7  lb/sec,  on  an  intermittent  (on-off)  basis.  As  the 
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IV,  D,  Roll  Control  Design  (cor:t.) 

main  engine  is  throttled  to  10%  thrust,  the  roll  control  thrust  will  drop  to 
less  than  10%,  which  is  a  disadvantage  of  this  system. 


Vehicle-Mounted  Roll  Control  System 


(U)  A  more  versatile  system,  particularly  for  upper-stage  appli¬ 

cations,  is  shown  schematically  in  Figure  IV-3,  and  utilizes  small  rockets 
mounted  on  the  vehicle  skirt.  During  engine  operation,  these  rockets  receive 
bipropellants  bled  from  the  main  engine  pumps.  While  the  engine  is  shut 
down  the  rockets  receive  propellants  from  low-pressure  (150  to  350  psi)  storage 
accumulators  that  are  recharged  during  engine  firings. 


(U)  A  pair  of  opposing  rockets  is  mounted  on  each  of  two  sides 

of  the  vehicle  stage,  at  a  moment  arm  of  approximately  5  ft  (typical).  For 
the  specified  moment  of  1600  ft-lb,  a  total  thrust  of  320  lb  is  required,  or 
160  lb  each  for  two-rocket  operation.  (Standard  100-lb  rockets  could  be 
used  by  using  three  pair  Instead  of  two.)  A  nominal  chamber  pressure  of 
100  psia  was  selected  for  the  following  reasons: 


a.  It  is  the  standard  pressure  for  most  of  the  control 
rockets  of  this  type  either  already  developed  or  being  developed. 


b.  Chamber  and  nozzle  cooling  requirements  are  less 
critical  at  low  pressure. 


c.  If  maximum  available  pressures  were  used  in  the  rockets, 
they  would  be  tapped  d-'^ectly  off  the  main  engine  pumps,  and  the  pressure 
would  consequently  decrease  greatly,  by  a  ratio  of  5000/350  psi,  during  engine 
throttling;  however,  the  low-pressure  bleed  system,  described  in  Section  IV, F, 

v 

permits  better  pressure  regulation.  The  chamber  pressure  of  the  roll  control 
rockets  will  vary  less  than  50%  with  the  latter  system. 
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d.  Low-pressure  rockets  permit  use  of  relatively  low- 
pressure  accumulators  as  their  source  of  propellant  between  engine  firings; 
the  low  pressure  permits  accumulator  recharge  capability  even  at  10%  thrust 
operation  of  the  engine. 


(U)  From  the  discussion  above,  it  is  evident  that  a  throttlable 

type  of  control  rocket  is  required.  Its  control  valves  are  on-off,  but  since 

the  supply  pressures  will  decrease  at  times,  the  injector  and  chamber  must  be 

capable  of  operating  at  reduced  thrust  and  flow  rates.  A  throttlable  control 

rocket  meeting  these  requirements  is  being  developed  by  Aerojet  under 

Contract  NAS8-20795.  By  use  of  the  Aeiojet  HIPERTHIN  injector  concept,  the 

100- lb- thrust  rockets  are  throttlable  4:1,  weigh  7.5  lb  without  valves,  and 

deliver  an  I  vac  of  290  to  300  sec  at  a  mixture  ratio  of  1.6.  The  long  life 
s 

(25  hr)  chamber  is  cooled  by  fuel-film  cooling  in  combination  with  bimetallic 
regenerative  conduction  (Inconel  lining,  clad  with  copper).  The  nozzle  has 
an  expansion  ratio  of  50:1  and  is  radiation  cooled.  The  controls  are  Moog 
bipropellant  solenoid-operated  valves. 

(U)  With  adequate  capacity  in  the  propellant  storage  accumula¬ 

tors,  additional  rockets  of  the  same  type  as  above  can  be  used  for  complete 
attitude  control  and  as  settling  rockets  *ior  to  starting  the  ARES  engine  in 
space.  These  rockets  are  included  in  the  ARES  IAPP  system  shown  in  the  flow 
diagram  in  Figure  IV- 3. 

(U)  A  mixture  ratio  of  1.6  was  selected  for  the  control  rockets 

in  the  ARES  system.  This  permits  a  reasonable  excursion  of  mixture  ratio 
during  changes  in  the  supply  pressures,  without  leaving  the  fuel-rich  region 
of  operation;  this  is  desirable  because  of  the  fuel-film  cooling.  By  proper 
design  of  the  system  pressure  regulation,  any  large  changes  of  the  mixture 
ratio  of  the  control  rockets  will  only  be  momentary  and  confined  to  transient 
changes  during  engine  starting  and  throttling;  the  heat-sink  capability  of  the 
above-described  rockets  can  absorb  a  momentary  increase  in  gas  temperature. 


Page  IV- 7 

UNCLASSIFIED 


i 


j 


J 


am 


UNCLASSIFIED 

Report  68-C-  0008-F,  Part  1 

IV,  Integrated  Auxiliary  Power  Package  (Task  I)  (cont.) 

E.  TANK  PRESSURIZATION  DESIGN 

(U)  Two  systeas  were  examined  for  pressurizing  the  propellant  tanks 

from  the  engine:  (1)  an  autogenous  system,  and  (2)  main  tank  injection. 

1.  Autogenous  Pressurization  System 

(U)  The  autogenous  pressurization  system  uses  oxidizer-rich  gas 

bled  from  the  engine  turbine  exhaust  for  oxidizer  tank  pressurization,  and 
uses  fuel-rich  gas  from  a  small  auxiliary  gas  generator  for  fuel  tank  pres¬ 
surization.  A  schematic  of  this  system  is  shown  in  Figure  IV-2. 

(U)  A  monopropellant  rather  than  bipropellant  gas  generator  was 

considared  for  the  fuel  pressurant,  but  a  major  disadvantage  is  that  AeroZINE 
50  is  a  poor  monopropellant.  Decomposition  could  be  initiated  with  the  proper 
catalyst  but  coking  of  the  catalyst  bed  would  be  a  problem,  particularly  at 
leduced  operating  pressures. 

(U)  Pressurant  gases  are  cooled  to  approximately  300°F  by  means 

of  heat  exchangers  in  the  engine  propellant  lines,  as  shown  in  the  schematic. 
As  an  alternate,  the  oxidizer  gas  can  be  cooled  by  injecting  liquid  ^0^ 
directly  into  the  gas.  This  system  as  shown  can  be  designed  to  operate  under 
engine  throttling  conditions. 

(U)  The  major  disadvantage  of  this  autogenous  system  is  that 

pressurization  between  engine  firings  requires  a  separate  gas  make-up  system 
on  the  vehicle. 
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d.  Low-pressure  rockets  pcimit  use  of  relatively  low- 
pressure  accumulators  as  their  source  of  propellant  between  engine  firings; 
the  low  pressure  peralts  accumulator  recharge  capability  even  at  10%  thrust 
operation  of  the  engine. 

(U)  From  the  discussion  above,  it  is  evident  that  a  throttlable 

type  of  control  rocket  is  required.  Its  control  valves  are  on-off,  but  since 

the  supply  pressures  will  decrease  at  times,  the  injector  and  chamber  must  be 

capable  of  operating  at  reduced  thrust  and  flow  rates.  A  throttlable  control 

rocket  meeting  these  requirements  is  being  developed  by  Aerojet  under 

Contract  HAS8-20795.  By  use  of  the  Aerojet  HIPERTHIN  injector  concept,  the 

100-lb- thrust  rockets  are  throttlable  4:1,  weigh  7.5  lb  without  valves,  and 

deliver  an  I  vac  of  290  to  300  sec  at  a  mixture  ratio  of  1.6.  The  long  life 
8 

(25  hr)  chamber  is  cooled  by  fuel-film  cooling  in  combination  with  bimetallic 
regenerative  conduction  (Inconel  lining,  clad  with  copper).  The  nozzle  has 
an  expansion  ratio  of  50:1  and  is  radiation  cooled.  The  controls  are  Moog 
bipropellant  solenoid-operated  valves. 

(U)  With  adequate  capacity  in  the  propellant  storage  accumula¬ 

tors,  additional  rockets  of  tne  same  type  as  above  can  be  used  for  complete 
attitude  control  and  as  settling  rockets  prior  to  starting  the  ARES  engine  in 
space.  These  rockets  are  included  in  the  ARES  IAPP  system  showc  in  the  flow 
diagram  in  Figure  IV- 3. 

(U)  A  mixture  ratio  of  1.6  was  selected  for  the  control  rockets 

in  the  ARES  system.  This  permits  a  reasonable  excursion  of  mixture  ratio 
during  changes  in  the  supply  pressures,  without  leaving  the  fuel-rich  region 
of  operation;  this  is  desirable  because  of  the  fuel-film  cooling.  By  proper 
design  of  the  system  pressure  regulation,  any  large  changes  of  the  mixture 
ratio  of  the  control  rockets  will  only  be  momentary  and  confined  to  transient 
changes  during  engine  starting  and  throttling;  the  heat-sink  capability  of  the 
above-described  rockets  can  absorb  a  momentary  increase  in  gas  temperature. 
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IV,  Integrated  Auxiliary  Power  Package  (Task  I)  (cont.) 

E.  TANK  PRESSURIZATION  DESIGN 

(U)  Two  systeas  were  examined  for  pressurizing  the  propellant  tanks 

from  the  engine:  (1)  an  autogenous  system,  and  (2)  main  tank  injection. 

1.  Autogenous  Pressurization  System 

(U)  The  autogenous  pressurization  systea  uses  oxidizer-rich  gas 

bled  from  the  engine  turbine  exhaust  for  oxidizer  tank  pressurization,  and 
uses  fuel-rich  gas  from  a  small  auxiliary  gas  generator  for  fuel  tank  pres¬ 
surization.  A  schematic  of  this  system  is  shown  in  Figure  IV-2. 

(U)  A  monopropellant  rather  than  bipropellant  gas  generator  was 

considered  for  the  fuel  pressurant,  but  a  major  disadvantage  is  that  AeroZINE 
50  is  a  poor  monopropellant.  Decomposition  could  be  initiated  with  the  proper 
catalyst  but  coking  of  the  catalyst  bed  would  be  a  problem,  particularly  at 
reduced  operating  pressures. 

(U)  Pressurant  gases  are  cooled  to  approximately  300°F  by  means 

of  heat  exchangers  in  the  engine  propellant  lines,  as  shown  in  the  schematic. 
As  an  alternate,  the  oxidizer  gas  can  be  cooled  by  injecting  liquid  ^0^ 
directly  into  the  gas.  This  system  as  shown  can  be  designed  to  operate  under 
engine  throttling  conditions. 

(U)  Thi  major  disadvantage  of  this  autogenous  system  is  that 

pressurization  between  engine  firings  requi-es  a  separate  gas  make-up  system 
on  the  vehicle. 
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2.  Main  Tai  k  Injection 

(U)  This  syste  uses  propellants  injected  directly  into  the  pro¬ 

pellant  tanks — fuel  into  tk  oxidizer  tank  and  oxidizer  into  the  fuel  tank. 

The  system  shown  in  Figure  iV-3  uses  propellants  supplied  from  the  propellant 
accumulators  for  tank  pressurization.  Therefore,  the  system  can  operate  when 
the  engine  is  off.  This  system  was  selected  for  the  1APP  because  it  can 
operate  when  the  engine  is  off,  it  is  light  in  weight,  it  has  fast  response 
and  it  can  operate  with  low  supply  pressures. 

(U)  Two  safe  methods  of  injector  are  available:  Aerojet-General 

Corporation  under  a  company-sponsored  program  has  demonstrated  a  subsurface 
injection  method,  and  The  Martin  Company  has  demonstrated  a  solid  stream, 
surface  injection  method  (Reference  2).  The  latter  method  was  selected 
because  it  was  conducted  with  both  small-  and  large-scale  equipment, 
including  full  size,  flight-weight.  Titan  Stage  II  tankage,  and  thereby 
providing  quantitative  design  data  that  can  be  directly  applied  to  the 
100K  ARES  system. 

(U)  The  selected  MTI  system  is  shown  schematically  in  Figure  IV-3. 

During  engine  firings,  an  almost  continuous  flow  of  the  liquid  pressurants 
from  the  engine  will  be  required,  with  the  approximate  values  as  indicated  on 
the  schematic  for  the  100  and  10%  thrust  conditions.  Between  engine  firings, 
and  prior  to  restart,  a  flow  of  liquid  pressurants  from  rechargeable  accumula¬ 
tors  located  in  the  vehicle  will  be  required  to  make  up  the  loss  in  tank  pres¬ 
sure  as  the  gases  cool  down  and  partially  condense.  Most  of  the  tank  gases 
generated  by  the  MTI  system  are  products  of  combustion  and  noncondensable; 
however,  a  small  percentage  of  condensable  vapors  will  also  be  formed  and 
these  will  tend  to  condense  as  tne  gas  cools.  In  sizing  the  system,  it  was 
assumed  that  the  tank  pressure  will  decay  by  50%  during  coast  periods,  and 
require  corresponding  make-up  from  the  accumulators. 
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(U)  Several  potential  problems  in  the  Mil  system  were  Investigated 

and  resolved  in  The  Martin  Company  program.  The  temperature  of  the  tank  gas 
increased  during  the  pressurization  process,  but  the  use  of  solid  stream  injec¬ 
tion,  as  opposed  to  a  spray,  kept  this  rise  to  a  safe  minimum  and  well  within 
the  capabilities  (300°F  maximum  wall  temperature)  of  the  thin  aluminum  tankage 
used  in  the  tests.  Also,  effects  on  the  main  propellant  caused  by  soluble 
inerts,  entrained  vapors,  moisture,  and  temperature  increase  were  investigated 
and  found  to  be  well  within  allowable  limits. 

(U)  Tank  pressure  control  within  a  3%  variation  was  attained  in 

the  full-scale,  150-sec  duration  tests,  including  start,  restart,  and  throttling 
simulations.  This  precise  pressure  control  was  obtained  with  a  pulse-mode 
injection  system  that  varies  the  frequency  of  the  pulses  to  control  the  flow 
rate  of  liquid  pressurant.  A  pulse  system  of  this  type  was  also  selected  for 
the  ARES  system,  because  a  wide  range  of  flow  variation  required  for  throttling 
can  be  accomplished  without  seriously  changing  the  AP  across  the  pressurant 
injector.  This  will  improve  the  performance  of  the  system  and  simplify  the 
injector  design  requirements. 

(U)  An  unknown  area  that  was  not  tested  was  the  operation  of 

the  system  during  a  zero-gravity  condition,  with  the  possible  hazard  and 
change  in  performance  characteristics.  Until  tests  are  conducted  and  possibly 
unique  equipment  is  developed  for  zero-gravity  injection,  it  is  necessary  to 
assume  the  tank  propellant  will  be  properly  oriented  just  prior  to  and  during 
MTI  operation.  Propellant  can  be  oriented  with  the  small  settling  rockets 
shown  on  the  schematic  in  Figure  IV-3,  and  the  tanks  repressurized  in  approxi¬ 
mately  5  sec  preceding  the  engine  start  or  restart. 
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IV,  Integrated  Auxiliary  Power  Package  (Task  I)  (cont.) 

F.  INTEGRATED  SYSTEM 

(U)  The  functional  IAPP  system  for  the  100K  ARES  is  shown  in  Figure  IV-3, 

along  with  values  for  the  predicted  pressures  and  flows  of  each  subsystem  at 
100  and  10%  thrust  conditions.  In  the  figure,  those  components  shown  below  the 
vehicle/engine  interface  line  will  be  engine-mounted  hardware;  their  physical 
integration  with  the  100K  ARES  is  shown  in  the  engine  external  view  in 
Figure  IV-1.  These  engine-mounted  components  include  the  two  gimbal  actuators 
with  their  high-pressure  fuel  supply  lines  and  low-pressure  return  lines. 

The  remainder  of  the  engine-mounted  IAPP  components  are  the  two  pump  discharge 
bleed  lines  (one  fuel  and  one  oxidizer)  with  check  valves,  orifices,  and 
vehicle  interface  connections  to  supply  propellants  to  the  vehicle  Attitude 
Control  System  (ACS)  and  Main  Tank  Injection  (MTI)  System,  and  to  recharge 
the  IAPP  accumulators.  The  engine-mounted  tubing  and  fitting  sizes  are 
tabulated  in  Figure  IV-1. 

(U)  The  attitude  control  and  tank  pressurization  systems  are  located 

on  the  vehicle  and  are  supplied  with  propellants  directly  from  the  engine  or 
from  the  fuel  and  oxidizer  accumulators  located  on  the  vehicle.  In  the 
schematic  in  Figure  IV-3,  a  simple  system  of  check  valves  are  added  to  semi- 
regulate  the  IAPP  system  pressures  and  to  minimize  variations  in  the  total 
flows  bled  from  the  engine.  The  fuel  and  oxidizer  accumulators  provide 
propellants  during  coast  periods.  The  overall  system  operation  and  typical 
design  parameters  are  described  briefly  in  the  following  paragraphs. 

(U)  A  major  portion  (about  75%)  of  the  design  flow  in  each  supply 

line  is  not  expended  in  the  IAPP  system,  but  is  used  for  pressure  and  flow 
regulation  and  returns  to  the  suction  lines  through  a  bypass  check  valve. 

Proper  regulation  requires  that  this  check  valve  be  designed  to  be  full  open 
at  500  psia,  and  full  closed  at  400  psia.  By  this  means,  as  the  system  pres¬ 
sure  drops  below  400  psia,  either  because  the  accumulator  is  charging  or  the 
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engine  is  throttled  below  full  thrust,  the  bypass  flow  ceases  and  is  diverted 
into  the  system  where  it  is  needed. 

(U)  An  isolation  valve  is  located  at  each  accumulator  and  will  be 

closed  only  during  long  coast  periods.  Upstream  of  this  valve  is  a  relief 
check  valve  that  bypasses  to  the  suction  line  and  is  set  at  900  psia  cracking 
pressure;  its  purpose  is  two-fold:  (1)  to  limit  the  accumulator  pressure 
during  lock-up,  and  (2)  to  provide  a  back-up  system  for  pressure  regulation 
at  a  higher  but  safe  level  should  the  500-psi  bypass  check  valve  fail  to 
open.  The  900-psia  relief  valve  will  remain  closed  under  normal  operation 
and  can  be  designed  with  minimum  leakage,  or  it  can  be  preceded  by  a  burst 
diaphragm  if  zero  leakage  is  required. 

(U)  Selection  of  final  accumulator  sizes  should  follow  establishment  of 

vehicle  and  mission  requirements,  and  a  detailed  analysis  of  recharging  times 

as  a  function  of  the  mission  thrust  schedule.  A  preliminary  analysis  indicates 

3  3 

th'-t  oxidizer  and  fuel  accumulators  of  2.0  ft  each  (1.15  ft  liquid  volume) 
will  p-  .vide  IAPP  requirements  for  300  sec  during  a  coast  period,  equivalent 
to  a  total  impulse  of  48,000  lb-sec  in  the  ACS,  which  is  the  subsystem  that 
determines  most  of  the  IAPP  requirements.  From  the  empty  condition  this  size 
of  accumulator  will  fully  recharge  in  40  sec  at  full  thrust  engine  operation, 
or  half-recharge  in  100  sec  at  10%  thrust. 

(U)  Pressure  regulation  in  the  system  will  be  sufficient  to  main¬ 

tain  the  following  supply  pressures  in  psia,  to  each  of  the  IAPP  subsystems: 


Vehicle  Subsystems 


Attitude  control  system  (2  nozzles 
operating) 


Tank  prescurization  system 


Coast 

100%  Thrust  10%  Thrust  Periods 
200  to  500  200  to  350  200  to  350 

200  to  800*  200  to  350  200  to  350 


Engine  Subsystem 


TVC-gimbal  actuators 


2500  to  3000  200  to  350  200  to  350 


*800  psia  can  occur  in  the  vehicle  system  when  the  ACS  is  not  operating  and  the 
accumulators  are  fully  charged. 


Page  IV- 12 

UNCLASSIFIED 


UNCLASSIFIED 

Report  68-C-0008-F,  Part  1 
IV,  F,  Integrated  System  (cont.) 

(U)  The  nominal  flow  of  approximately  3  lb/sec  required  by  the  IAPP 

system  from  the  fuel  and  oxidizer  circuits  in  the  engine  will  require  an  initial 
control  valve  adjustment  on  the  engine  to  maintain  rated  thrust  and  mixture 
ratio.  This  adjustment  can  be  made  during  engine  acceptance  testing,  and  it 
will  result  in  a  turbine  temperature  increase  of  approximately  20°F,  with  minor 
changes  in  pump  discharge  pressures. 

(U)  The  predicted  variation  in  IAPP  flow  from  the  nominal  would  be 

+0.5  lb/sec  at  the  100%  thrust  condition,  with  negligible  effect  (less  than 
0.5%)  on  engine  thrust  and  mixture  ratio. 
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u 


IAPP  Fuel 
Supply 
To  Vehicle 

4 


Oxidizer 
Supply 
To  Vehicle 


4 


Thrust  lbf 

Engine  gimbaJ 
wet 

Max.  gimhal  £ 
Max.  gimbal  \ 
Gimbal  contrc 
Gimbal  momenl 

Actuation  pre 
Actuator  pi si 
Actuator  coni 
Actuator  max. 

snubbing, 
Actuator  len* 

i  ' 

l 

Weight,  actu£ 
Weight,  tota] 
lines  &  fil 
Tubing  &  fitl 
Actuator  lj 
Vehicle  IAI 

Actuator  max. 
flow  demanc 
One  actuate 
Both  actual 
Vehicle  IAPP 
sustained  J 
Fuel 
Oxidizer 


ARES  ENGINE  IAPP  SPECIFICATION 


Thrust  lbf 

25K 

IOOK 

500K 

Engine  gimbal  moment  of  inertia. 

’  P 

176 

4531 

wet 

slug  ft 

13-9 

Max.  gimbal  accel., 

rad/sec2 

18 

18 

18 

Max.  gimbal  velocity, 

deg/sec 

25 

25 

25 

Gimbal  control  angle, 

deg 

±8 

-  5 

±5 

Gimbal  moment  arm, 

in 

5 

10 

24 

Actuation  pressure. 

psia 

3000 

3000 

3000 

Actuator  piston  area,  net. 

in2 

0.4 

2.55 

14.2 

Actuator  control  stroke, 

in 

1.4 

1.8 

4.2 

Actuator  max.  stroke  including 

snubbing, 

in 

1.6 

2.2 

5.0 

Actuator  length, 

in 

12 

18 

36 

Weight,  actuators  (2) 

lb 

16 

30 

230 

Weight,  total  engine  IAPP 

lines  &  fittings 

lb 

3 

5 

30 

Tubing  &  fitting  size: 

1/4 

!/4 

1/2 

Actuator  lines 

in 

Vehicle  IAPP  supply  lines 

in 

1/4 

3/8 

1 

Actuator  max.  momentary 

flow  demand,  fuel: 

One  actuator 

lb/ sec 

.03 

.4 

5.0 

Both  actuators. 

lb/ sec 

.04 

.6 

7.0 

Vehicle  IAPP  interface,  max. 

sustained  flow  demand: 

Fuel 

lb/ sec 

1.2 

2.6 

28.? 

Oxidizer 

lb/ sec 

1.9 

2.9 

33.5 

ARES  External  View  with  IAPP  Specification 
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V. 


LOW  FREQUENCY  ANALYSIS  (TASK  II) 

A.  OBJECTIVES  AND  APPROACH 


(U)  A  lumped-parameter  low  frequency  stability  analysis  was  conducted 

for  the  100K  ARES  throttlable-restartable  engine  at  eight  throttle  ratios  for 
the  turbulent  injector  configurations  and  at  four  throttle  ratios  for  the 
laminar  flow  injector  configurations.  The  analysis  was  conducted  using  the 
basic  dynamic  model  and  low  frequency  analysis  computer  program  which  was 
developed  during  the  ARES  Phase  1  effort  on  Contract  AF  04(611)-10830.  A  new 
computer  program  was  written  for  calculation  of  the  coefficients  of  the  system 
of  ordinary  differential  equations  which  are  used  to  represent  the  dynamic 
behavior  of  the  engine  system.  This  program  takes  as  input  the  pressure  and 
flow  schedules  for  the  engine  and  other  characterizing  parameters  such  as  pump 
head  curves,  efficiencies  and  pump  rotor  moments  of  inertia,  and  as  output,  it 
punches  the  cards  to  be  used  with  the  stability  analysis  program. 

B.  MATHEMATICAL  MODEL 


(U)  A  lumped-parameter  mathematical  model  was  used  to  describe  the 

engine  system.  The  system  components  are  closely  coupled  and  distributed 
characteristics,  such  as  hydraulic  line  transmission  delay,  are  assumed  to  be 
adequately  approximated  by  lumped-parameter  models  for  the  frequency  range  of 
0  to  500  cycles  per  second.  Lumped -parameter  elements  are  described  mathe¬ 
matically  by  systems  of  ordinary  differential  equations.  The  general  dif- 

for’onPi  ol  onnofi'rmo  iro  nnnUr  oov  •  oi  ror  f*V»o  nn«1  oo  pt*o  ramniro/l  V»it 

W»*  V  »»Vt4**44  -W*.  )  »»V«*  V.*  )  totiw  »4  WV**  *  V  4.  WW  C»  ».  U  4  VU1V  «  VU  1/  J 

application  of  perturbation  methods,  resulting  in  a  system  of  simultaneous 
linear  differential  equations  with  constant  coefficients. 

(U)  The  component  arrangement  is  simulated  by  means  of  75  simultaneous 

equations  (33  differential  equations  and  42  algebraic  relations) .  These 
equations  represent  the  dynamic  characteristics  of  the  pumps,  lines,  valves, 
injectors,  and  combustors. 
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C.  STABILITY  ANALYSIS 

(U)  The  system  of  equations  which  represent  the  ARES  engine  are  solved 

by  Laplace  transformation  of  the  equations  and  subsequent  use  of  Matrix 
methods,  programed  for  digital  computer,  to  obtain  the  "solution"  in  terns  of 
the  Laplace  operator.  Stability  or  instability  of  the  system  is  easily  deter¬ 
mined  at  this  point.  The  solution  has  the  form  of  a  ratio  of  two  real  and 
factored  polynomials  in  the  Laplace  .perator.  The  real-time  solution,  which 
can  be  obtained  by  inverse  Laplace  transformation  for  known  input  parameters, 
will  be  in  the  form  of  a  sum  of  exponential  terms  formed  from  the  roots  of  the 
denominator  polynomial.  The  roots  of  the  real  polynomial  are  either  real  or 
appear  as  complex  conjugate  pairs.  The  real  roots  yield  exponential  terms  in 
the  transient  while  the  complex  conjugates  produce  sine  and  cosine  terms  multi¬ 
plied  by  exponential  decaying  factors.  The  exponential  factors  in  both  cases 
will  only  decay  if  the  real  part  of  the  roots  of  the  denominator  polynomial 
have  negative  real  part.  Hence,  the  stability  criterion  reduces  to  requiring 
that  all  roots  of  the  denominator  polynomial  have  a  negative  real  part  which 
is  readily  determined  by  inspection  of  the  stability  program  output. 

D.  RESULTS 

(U)  Stability  analyses  were  made  for  the  engine  with  turbulent 

injectors  at  eight  throttle  points:  100,  75,  50,  37.5,  25,  20,  15,  and  10%, 
and  for  the  laminar  injector  system  at  four  throttle  points:  100,  37.5,  20, 
and  10%  of  full  thrust.  Both  engines  were  found  to  bp  stable  at  the  design 
thrust;  however,  the  turbulent  injector  system  was  found  to  be  unstable  at 
15  and  10%  of  design  thrust  and  the  laminar  injector  system  was  found  to  be 
unstable  at  10%  of  design  thrust.  The  laminar  injector  system  was  only 
slightly  more  stable  (compared  to  turbulent);  the  laminar  system  was  esti¬ 
mated  to  become,  unstable  at  15%  of  full  thrust  while  the  turbulent  Injector 
system  was  estimated  to  become  unstable  at  18%  of  full  thrust. 

Page  V-2 


UNCLASSIFIED 


UNCLASSIFIED 


Report  68-C-0008-F,  Part  1 
V,  Low  Frequency  Analysis  (Task  II)  (cont.) 

E.  ENGINE  SYSTEM  CHANGES 

(U)  Several  engine  parameters  were  varied  in  attempts  to  obtain  a 

stable  configuration  at  the  10%  thrust  point.  The  following  modifications 
were  tried:  increased  hydraulic  resistances  in  boost  pump  drive  lines,  pri¬ 
mary  fuel  and  oxidizer  injectors,  and  secondary  fuel  and  oxidizer  injectors; 
increased  boost  pump  and  main  pump  rotor  moments  of  inertia;  eliminated  the 
volume  of  turbine  exhaust  duct;  eliminated  unburned  propellant  storage  terms 
in  primary  and  secondary  combustors;  and  increased  the  negative  slopes  of 
pump  characteristics  for  the  first-stage  main  fuel  pump,  second-stage  fuel 
pump,  and  oxidizer  main  stage.  The  only  changes  that  had  a  significant 
stabilizing  effect  were  increasing  the  primary  combustor  oxidizer  injector 
pressure  drop  and  increasing  the  oxidizer  pump  characteristic  slope.  Doubling 
of  the  primary  combustor  oxidizer  injector  pressure  drop  was  not  sufficient 
to  stabilize  the  engine.  The  oxidizer  pump  characteristic  slope  at  the  10% 
thrust  point  was  steepened  from  the  design  value  of  0.0  to  -0.1,  -0.44,  and 
-0.73.  The  change  to  -0.73  was  sufficient  to  stabilize  the  system  while  the 
changes  to  -0.1  and  -0.44  were  not.  It  should  be  noted  that  the  variation 
of  this  slope  was  from  -0.65  at  full  thrust  to  -0.33  at  20%  thrust  to  0.0  at 
10%  originally.  Thus,  the  change  from  0.0  to  -0.73  at  the  10%  thrust  point 
is  substantial  and  would  probably  be  difficult  to  achieve  physically. 

A  better  solution  would  be  to  increase  pressure  drops  throughout  the  system 
in  addition  to  changes  to  the  pump  characteristic.  The  necessary  change  in 
pump  characteristic  slope  could  be  achieved  by  a  bypasa  or  recirculation 
arrangement  for  the  oxidizer  pump  such  that  the  operating  point  at  low  thrust 
is  shifted  to  higher  flow  rate. 

(U)  The  real  and  imaginary  parts  of  the  root  that  produced  the 

instability  are  plotted  in  Figure  V-l  as  a  function  of  the  operating  thrust 
level.  The  point  at  which  the  real  part  of  the  root  becomes  positive  can  be 
clearly  determined. 
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(U)  The  results  of  the  various  changes  which  were  made  at  the  10% 

thrust  point  for  the  turbulent  injector  configuration  are  shown  in  Figure  V-2. 
The  arrows  indicate  the  effect  which  the  identified  change  had  on  the  real  and 
imaginary  parts  of  the  offending  denominator  root.  Each  change  also  produced 
effects  in  other  roots,  but  in  all  cases  the  real  parts  of  all  other  roots 
remained  negative  so  that  stability  was  not  affected.  Some  of  the  changes 
prodi  ,ea  destabilizing  effects  while  the  change  in  the  oxidizer  pump  head 
curve  had  the  most  significant  effect  and  was  the  only  change  which  resulted 
in  a  stable  system. 
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VI. 


25K  ENGINE  DESIGN  (TASK  III) 


a  r>nTirr'T’Ttn?o  amt>  ADDDnAr'u 

V/MlJ  UV  A.  i.  *  AJ’J  AUW  iU  i 

(U)  The  objectives  of  Task  III  were  to  establish  the  thrust  chamber 

pressure  and  establish  an  engine  design  based  on  the  established  pressure  for 
a  throttlable,  restartable  engine  having  a  throttle  range  of  10:1  and  a  vacuum 
thrust  of  25,000  lbf  using  a  nozzle  with  a  150:1  area  expansion  ratio. 

(U)  The  approach  to  accomplishing  these  objectives  was  to  (1)  analyze 

the  heat  transfer,  performance  and  payload  effects  of  thrust  chamber  pressure 
to  establish  the  chamber  pressure;  (2)  use  the  established  pressure  and  estab¬ 
lish  design  criteria  and  operating  characteristics  over  the  throttling  range; 
and  (3)  prepare  a  25K  thrust  (vacuum)  engine  design  on  the  basis  of  these 
criteria,  and  similar  to  the  100K  base-line  design.  The  results  of  this  task 
are  described  in  the  following  paragraphs. 

B.  CHAMBER  PRESSURE  OPTIMIZATION 


(U)  To  maximize  the  performance  potential  of  a  25K  engine  design  it 

was  desirable  to  consider  a  range  of  chamber  pressures,  particularly  because 
of  the  inherent  increase  in  cooling  requirements  associated  with  the  smaller 
chamber  geometry.  In  recognition  of  the  relative  importance  of  performance 
factors  other  than  cooling  losses,  such  as  energy  release  and  recombination 
or  kinetic  losses,  the  study  took  into  account  the  variation  of  all  perfor¬ 
mance  factors  with  chamber  pressure  and  geometry.  Additionally,  the  effects 
of  chamber  length  and  weight  on  vehicle  payload  were  considered. 
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(C)  The  analysis  was  performed  at  each  of  three  chamber  pressures: 

500,  1600,  and  2800  psia.  The  basic  chamber  design  approach  adhered  to  at 
all  pressures  was  to  determine  the  throat  diameter  for  an  estimated  perfor¬ 
mance  level  and  then  establish  a  family  of  cylindrical  chambers  of  various 
contraction  ratios  (A^/A^^^),  each  with  varying  cylindrical  length,  and 
blend  radii  equal  to  the  throat  diameter  connected  by  a  30-degree  convergence 
angle. 


(U)  Minimum- length  RAO  nozzle  contours  were  similar  for  each  pressure 

and  were  established  at  an  expansion  ratio  of  150:1  by  Aerojet  computer  pro¬ 
gram  1025.  Nozzle  geometrical  efficiencies  were  also  determined  with  this 
same  program. 

(U)  Cooling  requirements  for  each  chamber  were  computed  using  a  one¬ 

dimensional  fin  conduction  model  in  association  with  the  Stollery  &  El-Ehwany 
boundary  layer  mixing  model  for  film  cooling  (Reference  3).  This  is  the  same 
technique  presently  used  on  all  transpiration  cooling  analyses  on  the  ARES 
chambers.  All  remaining  cnamber  design  and  analysis  followed  the  same  ground 
rules  as  does  the  ARES  chamber,  including  the  use  of  0.021- in.  platelets  at 
area  ratios  (chamber  and  nozzle)  greater  than  2.3,  and  0.011-in.  platelets  at 
all  other  points.  Because  of  the  variation  in  chamber  pressure  and,  hence, 
the  nozzle  cooling  requirements,  each  nozzle  was  assumed  to  be  cooled  to  a 
point  where  the  gas  pressure  was  30  psia.  Consequently,  each  chamber  has  a 
different  cooled  length.  The  selection  of  this  nozzle  extension  attachment 
poi*  ,t  is  based  on  experience  with  the  Transtage  nozzle  and  the  ARES 
transpiration-cooled  chamber.  The  ARES  nozzle  extension  is  similar  in  design 
to  tne  nozzle  on  the  Apollo  service  module  engine,  which  is  shown  in 
Figure  III-4.  The  upper  portion  of  the  Apollo  nozzle  is  columbium  alloy  C-103 
with  a  ceramic-aluminide  coating  to  inhibit  oxidation.  This  upper  portion  of 
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the  nozzle  operates  with  a  wall  temperature  of  1950°F  at  a  static  pressure  of' 
2.4  psia.  A  similar  nozzle  configuration  for  the  Transtage  engine  has  demon¬ 
strated  an  accumulative  duration  of  4397  sec  with  205  restarts  without  failure 
at  a  wall  temperature  of  2200°F  and  static  pressure  of  2.2  psia. 

(U)  The  ARES  nozzle  extension  is  film  cooled  by  the  carry-over  from 

the  transpiration-cooled  chamber  and  nozzle.  Testing  experience  on  the  ARES 
program  has  shown  that  this  coolant  carry-over  significantly  lowers  the 
extension  nozzle  temperature.  This  permits  attachment  of  the  nozzle  exten¬ 
sion  at  a  higher  static  pressure.  The  value  of  static  pressure  where  the 
nozzle  extension  can  be  attached  must  be  determined  experimentally.  For 
this  study,  it  was  assumed  that  the  nozzle  extension  could  be  attached  at  a 
static  pressure  of  30  psia. 

(U)  The  boundary  layer  losses  were  calculated  by  Aerojet  computer 

program  E-25202  and  include  the  effects  of  shear  drag,  heat  transfer,  and 
displacement  thickness. 

(U)  The  energy  release  loss  calculation  for  each  injector/chamber 

combination  assumed  that  injector  and  propellant  conditions  could  be  achieved 
which  equal  those  of  the  ARES  chamber.  These  conditions  include  injection 
density,  propellant  atomization  characteristics,  and  transport  properties. 

With  all  of  these  effects  constant,  the  energy  release  loss  becomes  only  a 
function  of  changes  in  chamber  geometry  and  chamber  pressure. 

(U)  The  kinetic  or  finite  rate  performance  losses  were  calculated 

using  the  Kushida  sudden  freezing  criteria  (Reference  4)  and  were  only  a 
function  of  chamber  pressure  with  the  nozzles  and  gas  condition  oeing  similar. 
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(C)  The  effect  on  weight  of  changes  in  chamber  geometry  was  also  con¬ 

sidered  in  the  optimization  as  the  basic  performance  of  the  thrust  chamber  is 
only  important  to  the  extent  that  it  contributes  to  the  overall  vehicle 
performance.  Changes  in  weight  from  a  nominal  chamber  used  in  previous 
scaling  studies  were  calculated  assuming  1-in. -thick  chamber  walls  of  stainless 
steel.  The  nominal  chamber  at  each  pressure  was  a  40L*  cylindrical  chamber 
with  a  30-degree  convergent  section  and  a  cylindrical  length  such  that  a 
chamber  L/D  (length- to-throat/chamber  diameter)  of  1.5  was  achieved.  Height 

changes  were  converted  to  equivalent  1  using  30  lb  of  payload  per  second  of 

s 

I  exchange  ratio.  Nozzle  length  was  converted  to  payload  at  the  rate  of 
s 

1  lb/in.  These  numbers  are  representative  of  a  synchronous  equatorial  orbit 
with  a  pump-fed  engine  powered  Transtage. 

(U)  The  analysis  at  each  chamber  pressure  was  carried  out  in  the 

following  manner.  Three  values  of  chamber  contraction  ratio  were  selected 
and  the  sum  of  cooling,  energy  release,  and  weight  losses  determined  as  a 
function  of  cylindrical  length.  Examination  of  this  result  together  with  the 
optimum  cylindrical  length  versus  contraction  ratio  and  the  sum  of  the  losses 
at  the  optimum  length  versus  contraction  ratio  led  to  the  selection  of  a  large 
contraction  ratio,  zero  cylindrical  length  chamber  at  each  chamber  pressure. 

It  must  be  recognized  that  for  physical  reasons,  these  chamber  configurations 
.rould  not  be  the  ones  selected  for  actual  design.  For  the  purpose  of  opti¬ 
mizing  chamber  pressure,  however,  while  not  evaluating  absolute  performance 
level,  any  group  of  chambers  consistant  with  each  other  is  adequate. 

(C)  The  individual  losses  and  the  resulting  delivered  specific 

impulses  are  shown  in  Figure  VI-1  as  a  function  of  thrust  chamber  pressure. 

This  figure  shows  an  optimum  pressure  at  some  point  between  1500  and  2000  psia. 
The  advantage,  however,  is  sufficiently  small  that  other  factors  must  be 
considered.  For  this  reason,  the  overall  engine  weight,  and  length  were  taken 
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into  account  to  determine  the  effect  of  chamber  pressure  on  vehicle  payload. 

The  changes  in  weight  and  length  for  the  selected  geometries  were  based  on 
the  same  nominal  design  described  above  and  used  the  engine  lengths  and 
weights  from  the  engine  scaling  studies.  Again,  the  validity  of  those  weights 
and  lengths  is  not  critical  to  the  optimization.  Length  and  weight  were  con¬ 
verted  to  payload  on  the  basis  of  one-pound-pay load/pound-engine  and  one-pound- 
payload/inch-engine  (interstage  structure).  The  results  of  this  study  are 
shown  in  Figure  VI-2,  which  shows  an  advantage  for  the  higher  chamber  pres¬ 
sures.  The  advantage  is  47  lb  of  payload  over  the  1600-psia  chamber  pressure 
while  the  nominal  payload  for  the  aforementioned  mission  is  approximately 
3700  lb. 

(C)  Evaluation  of  the  effect  of  throttling  on  engine  performance  is 

represented  by  Figure  VI-3  which  shows  that  delivered  specific  impulse  is 
reduced  as  the  engine  is  throttleu;  however,  the  magnitude  of  this  reduction 
is  less  for  the  engine  designed  to  operate  at  2800  psia. 

(C)  On  the  basis  of  this  study,  the  engine  was  designed  to  operate 

with  a  2800-psia  chamber  pressure,  since  this  resulted  in  the  highest  payload, 
minimum  throttling  performance  degradation,  and  near  maximum  delivered  specific 
impulse. 


C.  DESCRIPTION 


1.  Performance  Rating 

(C)  The  25K  engine  operating  parameters  are  tabulated  below. 

Thrust,  vacuum,  lbf  25,000 

Specific  impulse,  predicted,  sec  324.6 

Specific  impulse  efficiency,  %  9C.5 
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150:1 

N^/AeroZINE  50 
2800 
2.2 
20 
20 


Nozzle  area  expansion  ratio  (RAO) 
Propellants 

Chamber  pressure,  psia 
Mixture  ratio,  injector 
NPSH,  fuel, ft 
NPSH,  oxidizer,  ft 


(U)  The  specific  impulse  efficiency  (percent  of  theoretical)  of 

the  25K  engine  is  less  than  that  of  the  100K  engine,  for  a  given  development 
level  because  the  losses  in  the  smaller  nozzle  are  higher  and  a  higher  pro¬ 
portion  of  coolant  is  required  to  maintain  the  same  wall  temperature  in  the 
smaller  chamber. 


2.  Layout  Design 

(C)  A  layout  design  of  the  25K  thrust  engine  with  a  150:1  area 

ratio  RAO  contour  nozzle  is  shown  in  Figure  VI-4. 

(U)  Engine  and  component  design  criteria  were  established  such 

that  critical  design  parameters  would  reflect  a  similar  degree  of  conservatism 
as  in  the  100K  base-line  engine  design;  e,g.,  similar  values  for  primary  com¬ 
bustor  gas  temperature,  bearing  seal  velocity,  shaft  stress,  and  chamber  wall 
temperatures  were  used.  The  25K  engine  functional  operation  and  its  start  and 
shutdown  sequence  are  identical  to  those  of  the  100K  base-line  engine. 

(C)  The  platelet  Injector  concept  currently  being  tested  in  the 

ARES  program,  and  already  described  in  Section  I17.,B,3  and  Figure  III-3,  was 
selected  for  the  25K  engine.  Injector  parameters  for  the  25K  design  are  as 
follows: 
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w  ,  lb/sec  84.1 

f 

Injector  blade  length,  total,  in.  240.0 

w_/blade  length,  lb/sec/in.  0.35 

r 

w  injector,  lb/sec  248. 

8as  2 

Net  gas  area,  in.  42.5 

2 

Average  gas  flow,  lb/sec/in.  5.84 

2 

Gross  area,  in.  72.5  (ref) 

2 

Blade  area,  total,  in.  30.0  (ref) 


(U)  An  external  envelope  drawing  of  the  engine  is  shown  in 

Figure  VI-5.  The  engine  portion  of  the  LAPP  for  the  25K  design  is  defined  in 
Figure  IV- 1,  in  which  the  dimensions  for  the  gimbal  actuators,  etc.,  were 
scaled  from  the  100K  design. 


D.  ENGINE  THROTTLING  PERFORMANCE 


(U)  Engine  thrust  is  controlled  in  the  same  manner  as  the  100K  base¬ 

line  engine.  Some  of  the  engine  and  component  performance  parameters  are 
plotted  in  Figure  VI-6,  with  a  major  list  of  the  operating  parameters  shown 
in  Table  VI-I.  The  format  of  Table  VI-I  is  the  same  as  for  the  100K  engine, 
with  the  symbols  defined  in  Table  III-IV. 

(U)  The  throttling  characteristics  of  the  25K  thrust  engine  are  also 

similar  to  those  already  described  for  the  100K  engine.  As  in  the  100K 
engine,  the  laminar  flow  characteristics  designed  into  the  transpiration  film 
coolant  circuit  maintain  the  coolant  flow  at  a  constant  percentage  of  total 
flow  during  throttling.  Also,  the  injector  AP's  stay  at  a  reasonable  per¬ 
centage  of  chamber  pressure,  due  to  laminar  flow  design  of  the  injectors. 
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(U)  The  pump  design  efficiencies  are  six  points  lower,  and  the  turbine 

efficiency  three  points  lower,  than  those  of  the  100K  baseline  ARES,  due  to 
the  smaller  size  and  flows  of  the  25K  engine.  The  turbine  operating  tempera¬ 
ture  was  maintained  at  the  100K  engine  range  (12008F)  by  increasing  the 
turbine  pressure  ratio  and  the  pump  discharge  pressures. 

E.  WEIGHT  BREAKDOWN 

(U)  Calculated  dry  weight  and  gimbal  moment  of  inertia  values  for  the 

25K  engine  are  shown  by  component  in  Table  VI-II.  Wet  weight  and  inertia 
values  are  also  shown.  Estimated  weight  and  gimbal  moment  of  inertia  values 
for  a  lower  weight  production  prototype  engine  are  shown  in  Table  VI-III. 

The  lower  weight  of  this  production  prototype  engine,  as  in  the  100K  engine, 
is  achieved  by  using  two  interface  joints  between  the  thrust  chamber  and 
turbopump  in  place  of  the  three  as  showr,  in  Figure  VI-4. 
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25K  ARES  WEIGHT  AND  INERTIA  SUMMARY 


Moment  of 
Inertia 


COMPONENT  ASSEM3LY 

Weight 

Pound 

About  Gimbal 
Slug  Ft2 

TURBOPUMP  -  INCL.  PRIM.  COMB  &  PCFCV  HSG 

ADAPTER  &  LINE  (w/O  GIMBAL) 

73.62 

1.153 

SECONDARY  INJECT.  SUB-ASS' Y  &  SCFCV 

31.27 

•  931 

TPA  SUB-TOTAL 

104.89 

2.084 

-£•  150 

THRUST  CHAMBER  ASSEMBLY  AND  NOZZLE  EXTENSION 

92.45 

13.770 

£-  50 

THRUST  CHAMBER  ASSEMBLY  AND  NOZZLE  EXTENSION 

90.05 

9.958 

SUB-TOTAL  BASIC  ENGINE 

£»  150 

197.34 

15.854 

SUB-TOTAL  BASIC  ENGINE 
•£  *  50 

194.94 

12.042 

BOOST  PUMPS  (2) 

5-0 

•  0575 

PROPELLANT  INLET  HOUSINGS  (2) 

8.0 

.1465 

SUCTION  VALVES  &  ACTUATORS  (2) 

6.0 

.1535 

GIMBAL 

2.54 

.0003 

PCFCV  ACTUATOR 

1.30 

.0261 

SCFCV  ACTUATOR 

1.00 

.0394 

ADDITIONAL  ITEMS  SUB-TOTAL 

23.84 

.4283 

GRAND  TOTAL  - 

£ .  150  DRY  ENGINE  ASSEMBLY 

221.18 

16.2823 

£ .  50  DRY  ENGINE  ASSEMBLY 

218.78 

12.4703 

£ .  150  WET  ENGINE  ASSEMBLY 

229.58 

16 .4693 

£  «  50  WET  ENGINE  ASSEMBLY 

227.28 

12.6483 
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TABLE  VI-III 

25K  PROTOTYPE  PRODUCTION  ARES  WEIGHT  AND  INERTIA  SUMMARY 


Nozzle 

Expansion 

Ratio 

€ 

Weight 

Pound 

Moment  of 
Inertia  About 
Gimbal 

Slug  Ft 

DRY  ENGINE 

150:1 

209. 

13-7 

50:1 

207. 

— 

9-9 

ADDITIVE  EFFECT 

150:1 

mm 

.187 

OF  PROPELLANTS 

50:1 

8.5 

.178 

WET  ENGINE 

r  ” 

150:1 

217.4 

13.887 

50:1 

215.5 

IO.078 
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Figure  VI-2 
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Vehicle  Payload  Loss  for  Different.  Design  Pressures  (u) 
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Figure  VI-3 
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Throttling  Performance  for  Different  Design  Pressures  (u) 


OXIDIZER 
SUCTION  VALVE 


SECONDARY 
COMBUSTOR  FUEL 
CONTROL  VALVE 


SECONDARY  COMBUSTOR 
INJECTOR 


uunriutn  i  ial 


Report  68-C-0008-F 


Envelope  25K  Throttlable  ARES 
Figure  VI-5 
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Throttling  Performance,  25K  ARES  (u) 
Figure  VI-6 
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VII. 

500K  ENGINE  DESIGN  (TASK  IV) 

A.  OBJECTIVE  AND  APPROACH 

(U)  The  objective  of  Task  IV  was  to  establish  an  engine  design  for  a 

throttlable,  restartable  engine  having  a  throttle  range  of  5:1  and  a  thrust 
of  500,000  lbf  using  a  nozzle  with  a  50:1  area  expansion  ratio. 

(U)  The  approach  to  accomplishing  this  objective  was  to  (1)  establish 

design  criteria  and  operating  characteristics  over  the  throttling  range;  and 
(2)  prepare  a  500K  thrust  engine  design  that  was  based  on  these  criteria. 

The  500K  engine  design  (Task  IV)  was  completed,  and  the  results  are  described 
in  the  following  paragraphs. 

B.  DESCRIPTION 


1.  Performance  Rating 

(C)  The  500K  engine  operating  parameters  are  as  follows: 


Thrust,  vacuum,  lbf 
Specific  impulse,  predicted,  sec 
Specific  impulse  efficiency,  % 
Nozzle  area  expansion  ratio  (RAO) 
Propellants 

Chamber  pressure,  psia 
Mixture  ratio,  injector 
NPSH,  fuel,  ft 
NPSH,,  oxidizer,  ft 


Sea  Level 

Vacuum 

500,000 

582,200 

271.8 

316.5 

91.7 

91.7 

50:1 

50:1 

N^/AeroZINE  50 
2800 
2.2 
20 
20 
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VII,  B,  Description  (cont.) 

(U)  Specific  impulse  efficiency  for  the  500K  engine  was  assumed 

to  be  equal  to  that  of  the  100K  engine.  This  is  a  conservative  assumption  in 
that  the  specific  impulse  efficiency  for  the  500K  engine  would  be  slightly 
higher  than  for  the  100K  engine  for  a  given  development  level  (i.e.,  maintain 
chamber  wall  temperature  of  1625°F),  because  of  the  reduced  cooled  area  per 
unit  propellant  flow. 

2.  Layout  Design 

(U)  A  layout  design  of  the  500K  thrust  engine  with  a  50:1  area 

ratio  80%  bell  contour  nozzle  is  shown  in  Figure  VII-1. 

Engine  and  component  design  criteria  were  established  so  that 
critical  design  parameters  would  reflect  a  similar  degree  of  conservatism  as 
in  the  100K  base-line  engine  design;  e.g.,  similar  values  for  primary  combustor 
gas  temperature  bearing  DN,  seal  velocity,  shaft  stress  and  chamber  wall 
temperatures  were  used.  The  500K  engine  functional  operation  and  its  start 
and  shutdown  sequence  are  identical  to  those  of  the  100K  base-line  engine. 

(C)  The  platelet  injector  concept  currently  being  tested  in  the 

ARES  program,  and  already  described  in  Section  III,B,3  and  Figure  III-3,  was 
selected  for  the  500K  engine.  Injector  parameters  for  the  500K  design  are  as 
follows: 


w_,  lb/sec 
F 

Injector  blade  length,  total,  in. 
w  /blade  length,  lb/sec/in. 

r 

w  injector,  lb/sec 
gas  2 

Net  gas  area,  in. 

2 

Average  gas  flow,  lb/sec/in. 

Gross  area,  in.^ 

2 

Blade  area,  total,  in. 
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447.7 

950.0 

0.471 

1297.2 

164.3 

7.9 

283.0  (ref) 

118.7  (ref) 
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VII,  B,  Description  (cont.) 

in 

shown 
from  the 


(U)  An  external  envelope  drawing  of  the  engine  is  shown 
Figure  VII-2.  The  engine  portion  of  the  IAPP  for  the  500K  design  is 
in  Figure  IV- 1.  The  dimensions  for  the  gimbal  actuators  were  scaled 
100K  design. 


C.  ENGINE  THROTTLING  PERFORMANCE 


(U)  Engine  thrust  is  controlled  as  in  the  1Q0K  base-line  engine  by 

means  of  the  primary  combustor  fuel  control  valve.  Some  of  the  engine  and 
component  performance  parameters  are  plotted  in  Figure  VII-3  with  a  major  list 
of  the  operating  parameters  shown  in  Table  VII-I.  The  format  of  the  table  is 
the  same  as  described  for  the  100K  engine  and  shows  predicted  throttle 
performance  up  to  10:1  which  is  greater  than  the  specified  value  of  5:1. 
Symbols  are  defined  in  Table  III-IV. 

(U)  The  throttling  characteristics  of  the  500K  thrust  engine  are  also 

similar  to  those  already  described  for  the  100K  engine.  As  in  the  100K  thrust 
engine,  the  laminar  flow  characteristics  designed  into  the  transpiration  film 
coolant  circuit  maintain  the  coolant  flow  at  a  constant  percentage  of  total 
flow  during  throttling.  Also,  the  injector  AP's  stay  at  a  reasonable  percent¬ 
age  of  chamber  pressure,  due  to  laminar  flow  design  of  the  injectors. 

(U)  The  pump  and  the  turbine  design  efficiencies  are  three  percentage 

points  higher  than  those  of  the  100K  base-line  ARES,  due  to  the  larger  size 
and  flow  of  the  500K  engine. 
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VII,  500K  Engine  Design  (Task  IV)  (cont.) 

D.  WEIGHT  BREAKDOWN 

(U)  Calculated  dry  weight  and  gimbal  moment  of  inertia  values  for  the 

500K  engine  are  shown  by  component  in  Table  VII-II.  Wet  weight  and  inertia 
values  are  also  shown.  Estimated  weight  and  gimbal  moment  of  inertia  values 
for  a  lower  weight  production  prototype  engine  are  shown  in  Table  VII-III. 

The  lower  weight  of  this  production  prototype  engine,  as  in  the  100K  engine, 
is  achieved  by  using  two  interface  joints  between  the  thrust  chamber  and 
turbopump  in  place  of  the  three  as  shown  in  Figure  VII-1 
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TABLE  VII-II  I 

—  . . .  ■■.■■■  * 

500K  ARES  WEIGHT  AND  INERTIA  SUMMARY  \ 

Moment  of  % 

Inertia 


COMPONENT  ASSEMBLY 

Weight 

Pound 

About  Gimbal 
Slug  Ft2 

TURBOPUMP  -  INCL.  PRIM.  COMB  &  PCPCV  BSG 

ADAPTER  «•  LINE  (W/O  GBCAL) 

2614.0 

603.8 

SECONDARY  INJECT.  SUB-ASS' Y  &  SCFCV 

578.0 

382.6 

TPA  SUB-TOTAL 

3192.0 

986.4 

£  *  150 

THRUST  CHAMBER  ASSEMBLY  AND  NOZZLE  EXTENSION 

1681.0 

4984.5 

£*  50 

THRUST  CHAMBER  ASSEMBLY  AND  NOZZLE  EXTENSION 

1662.0 

2955.1 

SUB-TOTAL  BASIC  ENGINE 
<=  150 

4873.0 

5970.9 

SUB-TOTAL  BASIC  ENGINE 
{=  50 

4854.0 

3941.5 

BOOST  PUMPS  (2) 

390.0 

96.O 

PROPELLANT  INLET  HOUSINGS  (2) 

670.0 

224.0 

SUCTION  VALVES  &  ACTUATORS  (2) 

320.0 

185.5 

GIMBAL 

211.0 

•57 

PCFCV  ACTUATOR 

12.0 

4.30 

SCFCV  ACTUATOR 

9.0 

5.17 

ADDITIONAL  ITEMS  SUB-TOTAL 

1612.0 

515.54 

GRAND  TOTAL  - 

■C  =  150  DRY  ENGINE  ASSEMBLY 

6485.0 

6486.44 

<  .  50  DRY  ENGINE  ASSEMBLY 

6466.0 

4457.04 

<  -  150  WET  ENGINE  ASSEMBLY 

7183.0 

6708.44 

{  «  50  WET  ENGINE  ASSEMBLY 

7167.0 

4676.04 

Table  VII-II 


UNCLASSIFIED 


UNCLASSIFIED 

Report  68-C-0008-F 


Table  VII-III 

UNCLASSIFIED 


OXIDIZER 


CONFIDENTIAL 


Report  68-C-0008-F 


ARES  Engine,  500K,  Throttlable  (u) 
Figure  VII-1 
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Envelope,  500K,  Throttlable  ARES 


Figure  VII-2 
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Throttling  Performance,  500K  ARES  (u) 
Figure  VII-3 
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VIII. 

ENGINE  THRUST  SCALING  (TASK  V) 

A.  OBJECTIVE  AND  APPROACH 

(U)  The  objective  of  Task  V  was  to  establish  engine  thrust  scaling 

data  for  ARES  cycle  engines  over  a  range  of  design  point  thrust  values  of 
25,000  to  500,000  lbf.  The  scaling  data  are  presented  in  Appendix  I  and 
include  engine  weight,  length,  diameter,  specific  impulse,  development  and 
production  costs.  Data  for  this  thrust  scaling  task  were  obtained  from  the 
100K,  25K  and  500K  engine  designs  described  in  Sections  III,  VI,  and  VII, 
respectively.  The  technical  approach  to  defining  performance  of  these  engines 
with  various  area  ratio  nozzles  and  under  throttled  conditions  is  described 
in  Section  VIII, B.  Engine  weight  figures  are  based  on  the  estimated  values 
for  the  production  prototype  ARES  configuration.  Engine  development  and  pro¬ 
duction  cost  figures  have  been  estimated  for  a  man-rated  ARES  with  cost  figures 
in  terms  of  the  1967  dollar.  Cost  figures  are  based  on  estimated  component 
costs  for  experimental  production  quantities.  These  component  cost  figures 
are  used  in  the  development  program  cost  estimate  where  the  development  program 
was  assumed  to  be  of  four  years  duration  involving  three  years  through  PFRT 
and  one  year  for  qualification.  Production  cost  figures  were  established  from 
experimental  component  costs  by  applying  cost  adjustment  factors  obtained 
from  Aerojet-General  Corporation  experience  on  Titan  programs.  The  man-rated 
engine  cost  is  priced  a  factor  of  1.6  higher  than  an  unmanned  utilization, 
this  factor  being  based  on  cost  data  f::om  Titan  IIIB  and  Gemini  engine  pro¬ 
duction  deliveries.  Fee  is  not  induced  in  the  cost  estimate. 


B.  PERFORMANCE  SCALING 


(C)  All  engine  performance  scaling  starts  from  the  basic  contract 

AF  04(611)-10830  ARES  engine  with  an  80%  bell  nozzle  and  an  expansion  ratio  of 
20:1.  The  target  performance  of  this  engine  is  91.7%  of  theoretical  sea-level 
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VIII,  B,  Performance  Scaling  (cont.) 

specific  impulse.  The  performance  loss  breakdown  of  this  engine  together  with 
the  rather  detailed  analysis  conducted  on  the  25K  design  as  part  of  Task  III 
(see  Section  VI, B)  provide  the  design  information  necessary  to  scale  the 
individual  losses  to  the  various  area  ratios  and  thrust  levels. 

(U)  Performance  of  the  500K  engine  is  defined  as  being  equal  to  that 

of  the  100K;  therefore, the  performance  curves  compiled  are  based  on  25K  and 
100K  each  with  RAO  nozzles  of  20,  50,  150,  and  300:1  area  ratios  and  80%  bell 
nozzles  of  20  and  50:1  area  ratios.  The  performance  breakdown  of  the  base-line 
engine  differs  from  that  of  the  ARES  engine  in  that  the  cooling  losses  are 
consistent  with  the  conical  chamber  design,  and  the  nozzle  is  transpiration 
cooled  to  the  30-psia  point  in  the  nozzle.  Similarly,  the  energy  release  loss 
has  been  calculated  for  the  conical  chamber  and  the  remaining  combustion  loss 
attributed  to  mixture  ratio  distribution. 

(U)  The  individual  performance  losses  were  calculated  in  the  same 

manner  as  described  in  Section  VI, B.  Conversion  of  the  80%  ball  nozzle,  at 
20:1  area  ratio  to  a  RAO  nozzle  of  the  s^.me  area  ratio  rr^uireo  only  determina¬ 
tion  of  the  new  nozzle  friction  and  geometry  losses.  Conversion  of  either  of 
these,  then,  to  larger  area  ratios  Involves  referencing  the  percents  of  energy 
release  and  mixture  ratio  distribution  losses  to  the  higher  theoretical  Ig 
values.  This  is  an  approximation  necessitated  by  the  fact  that  the  exact 
nature  of  the  Injector  which  determines  this  loss  is  unknown.  The  nozzle 
friction  or  boundary  layer  and  geometry  losses  can  be  calculated  for  changes 
in  area  ratio.  Scaling  of  this  loss  was  done  on  the  basis  of  the  data 
presented  in  Reference  (5).  Cooling  losses  are  assumed  to  be  constant  with 
changes  in  area  ratio.  Kinetic  or  finite  rate  losses  were  scaled  with  the 
use  of  Reference  (5). 
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VIII,  B,  Performance  Scaling  (cont.) 

(U)  Scaling  for  changes  in  thrust  was  done  in  the  following  manner. 

Mixture  ratio  distribution,  nozzle  geometry,  and  kinetic  losses  were  all  taken 
to  be  constant  with  changes  in  thrust.  Cooling  and  energy  release  losses  were 
calculated  for  the  particular  chamber  geometry,  and  boundary  layer  losses  were 
scaled  using  Reference  (5). 

(U)  The  results  of  this  performance  scaling  effort  can  be  seen  in 

Figure  III-2  in  Appendix  I  which  shows  the  vacuum  and  sea-level  delivered 
specific  impulse  as  a  function  of  area  ratio  for  two  thrust  levels,  25K  lb  and 
100K  lb.  Table  VIII-I  shows  the  loss  breakdown  summary  for  the  100K  engine 
at  three  area  ratios  and  the  25K  at  two  area  ratios.  The  500K  delivered 
impulse  is  shown  equal  to  the  100K;  consequently,  no  loss  breakdown  is  shown. 
Finally,  Figure  III-3  in  Appendix  I  shows  the  vacuum  performance  of  both  150:1 
and  300:1  RAO  nozzle  engines  during  throttling.  Also  shown  is  the  performance 
of  the  100K  and  500K  thrust  engine  with  a  50:1  bell  nozzle.  To  arrive  at  these 
curves  the  individual  performance  loss  changes  with  thrust  and  chamber  pressure 
were  handled  as  follows:  mixture  ratio  distribution  was  assumed  constant; 
energy  release  loss  was  calculated  for  changes  in  Pc;  boundary  layer  and 
kinetic  losses  were  scaled  with  Pc?  geometry  losses  are  constant;  and  the 
cooling  loss  was  taken  to  be  constant  on  the  basis  of  studies  previously 
performed  on  the  ARES  engine  Contract  AF  04(611)-10830. 
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AFRPL 


This  is  the  final  report  documenting  the  technical  accomplish¬ 
ments  of  the  ARES  (Advanced  Rocket  Engine  Storable)  Throttling  and 
Scaling  Study  Program  under  Contract  F04611-68-C-0008.  Included  also 
in  this  report  are  the  results  of  an  Aerojet-General  Corporation- 
sponsored  design  of  a  throttlable-restartable  100K  ARES  engine  which 
was  used  as  the  baseline  engine  for  this  design  study. 

Throttlable,  res tar table  ARES  (Advanced  Rocket  Engine  Storable) 
engine  designs  are  presented  at  25,000,  100,000,  and  500,000  lb  rated 
thrust  levels.  On  the  basis  of  these  designs,  engine  thrust  scaling 
parametric  data  are  presented  over  a  thrust  range  of  25,000  to 
500,000  lb  with  nozzle  expansion  ratios  of  50:1  and  150:1. 
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